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While multicellular magnetotactic prokaryotes (MMPs) are ubiquitous in marine
environments, the diversity of MMPs in sediments of coral reef ecosystems has
rarely been reported. In this study, we made an investigation on the diversity and
characteristics of MMPs in sediments at 11 stations in coral reef habitats of the
Paracel Islands. The results showed that MMPs were present at nine stations, with
spherical mulberry-like MMPs (s-MMPs) found at all stations and ellipsoidal pineapple-
like MMPs (e-MMPs) found at seven stations. The maximum abundance of MMPs was
6 ind./cm3. Phylogenetic analysis revealed the presence of one e-MMP species and five
s-MMP species including two species of a new genus. The results indicate that coral
reef habitats of the Paracel Islands have a high diversity of MMPs that bio-mineralize
multiple intracellular chains of iron crystals and play important role in iron cycling in such
oligotrophic environment. These observations provide new perspective of the diversity
of MMPs in general and expand knowledge of the occurrence of MMPs in coral reef
habitats.

Keywords: multicellular magnetotactic prokaryotes (MMPs), diversity, phylogenetic analysis, coral reef, South
China Sea

INTRODUCTION

Magnetotactic bacteria (MTB) are a morphologically, phylogenetically, and metabolically diverse
group of prokaryotes (Lefevre and Wu, 2013; Lefevre et al., 2013; Araujo et al., 2015) that form
intracellular magnetic nanoparticles composed of magnetite (Fe3O4) or greigite (Fe3S4) enveloped
in a lipid bilayer within the cell (Bazylinski and Frankel, 2004; Edwards and Bazylinski, 2008;
Araujo et al., 2015). Cell morphologies of MTB include cocci, rods, spirilla, vibrios, barbell-shaped,
and multicellular forms (Blakemore, 1982; Bazylinski and Frankel, 2004). The multicellular forms
are referred to as multicellular magnetotactic prokaryotes (MMPs) (Farina et al., 1983; Rodgers
et al., 1990).
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Two distinct morphotypes of MMPs have been observed,
including spherical mulberry-like MMPs (s-MMPs) (Abreu et al.,
2007; Simmons and Edwards, 2007; Wenter et al., 2009; Zhou
et al., 2013; Zhang et al., 2014) and ellipsoidal pineapple-like
MMPs (e-MMPs) (Lefevre et al., 2007; Zhou et al., 2012; Chen
etal,,2015,2016). The s-MMPs are typically 3-12 pm in diameter
and composed of 10-40 cells arranged with helical symmetry
(Abreu et al., 2007; Keim et al., 2007; Zhou et al., 2011, 2013;
Zhang et al., 2014). The e-MMPs are typically 8-23 pm in length
and 7-17 pm in width, and consist of 28-101 cells arranged in
interlaced cell circles (Lefévre et al., 2007; Zhou et al., 2012; Chen
etal., 2015, 2016). Both morphotypes of MMPs have peritrichous
flagella (Keim et al., 2004a; Abreu et al., 2006, 2007; Zhang et al.,
2014; Chen et al., 2015) and are capable of producing magnetite
and/or greigite magnetosomes (Keim et al., 2004a; Zhou et al,,
2011, 2012, 2013; Abreu et al., 2013; Zhang et al., 2014; Chen
et al., 2015). Phylogenetic analysis based on 16S rRNA gene
showed that both s-MMPs and e-MMPs are affiliated with the
Deltaproteobacteria class (Delong et al., 1993; Keim et al., 2004b;
Simmons et al., 2004; Simmons and Edwards, 2007). The s-MMPs
consist of several clades, possibly forming numerous species
(Farina et al., 1983; Abreu et al., 2007; Simmons and Edwards,
2007; Wenter et al., 2009; Zhou et al., 2012, 2013). The e-MMPs
are closely related to s-MMPs, but appear to belong to different
genera (Lefévre et al., 2007; Zhou et al., 2011, 2012, 2013).

The s-MMPs morphotype was first described by Farina et al.
(1983). They are cosmopolitan in various saline aquatic habitats,
including coastal lagoons (Farina et al., 1983, 1990; Abreu et al,,
2007, 2013), salt water lagoons (Posfai et al.,, 1998; Simmons
and Edwards, 2007) and lakes (Lefévre et al., 2010), salt marshes
(Delong et al., 1993; Posfai et al., 1998; Simmons and Edwards,
2007; Edwards and Bazylinski, 2008; Wenter et al., 2009), and
intertidal zones (Zhou et al., 2011, 2013; Zhang et al., 2014).
In 2007, e-MMPs were first found from the sediments of the
Mediterranean Sea (Lefévre et al., 2007) and have now been
reported from the Mediterranean Sea (France) (Leféevre et al.,
2007; Chen et al., 2016), the Yellow Sea (China) (Zhou et al.,
2011, 2012, 2013; Zhang et al., 2014; Chen et al., 2015), and the
intertidal zone of Drummond Island in the South China Sea
(Chen et al., 2016). The abundance of two morphs of MMPs
varies according to the sampling sites, depth and seasons, usually
several hundred individuals per centimeter cube (ind./cm?) based
on the investigation before (Abreu et al., 2007; Wenter et al., 2009;
Zhouetal., 2012, 2013; Zhang et al., 2014; Chen et al., 2015, 2016).
In general, the MMPs were commonly observed with a maximum
abundance in summer (Lefévre et al., 2007; Zhou et al.,, 2012,
2013; Chen et al., 2015). These findings support the paleoecology
envision that warm periods are benefited to the growth of MTB,
augmenting the concentration of fine-grained magnetite within
the sediment (Lefévre et al., 2007).

Over the last two decades, comprehensive information on
the phylogeny, morphology, structure, swimming behavior, and
genomes of MMPs has been obtained (Delong et al., 1993; Keim
et al., 2004a,b; Simmons et al., 2004; Abreu et al., 2007; Lefevre
et al., 2007; Chen et al., 2015). The MMPs have attracted more
attention than the unicellular MTB because of their complex
motility and unique many-celled arrangement (Farina et al., 1983,

1990; Rodgers et al., 1990; Keim et al., 2004a, 2007; Zhou et al.,
2012, 2013; De Azevedo et al., 2013; Chen et al., 2015).

The study of MMPs has focused mainly on marine ecosystems.
Coral reefs are the most diverse of all marine ecosystems and are
considered to be one of the most complexes. Coral reef systems
have extremely high habitat heterogeneity and are important in
maintaining enormous biological diversity (Moberg and Folke,
1999). Although coral reefs represent only a small fraction of
the marine ecosystem (Guan et al.,, 2015), they are extremely
important for nutrient cycling (Garren and Azam, 2012) in
shallow, oligotrophic tropical waters (Moberg and Folke, 1999).
Coral reef bacterial communities are key participants in the
reef nutrient cycling and occupy a range of different habitats
including sediments (Bourne and Webster, 2013). So far, only a
single basic study of unicellular MTB from coral reefs, performed
in the Gulf of Mannar (India), has been reported (Kannapiran
et al., 1999). Consequently, more studies in coral reef habitats
of the diversity and distribution of MTB, especially MMPs, are
needed.

To expand knowledge of MMPs in coral reef habitats
we investigated the biogeography and occurrence of these
microbes in the Paracel Islands (South China Sea). We used
microscopy and micromanipulation combined with whole
genome amplification (WGA) to study the morphological
characteristics and taxonomic diversity of MMPs from coral reef
ecosystems of the Paracel Islands. Additionally, we discussed
about the potential relationship between the physical and
chemical characteristics and occurrence of MMPs. These results
provide newly data for a better understanding of prevalence
and abundance of MMPs in coral reef systems, may imply the
cosmopolitism distribution of MMPs in these distinctive systems,
and reveal the role of MMPs in coral reef habitats to some extent.

MATERIALS AND METHODS

Sediment Sampling and Enrichment of
MMPs

The Paracel Islands is a group of approximately 130 islets
and reefs in the South China Sea approximately 320 km
southeast of Hainan Provence; they are divided into the
Xuande group in the northeast, and the Yongle group in
the west (Ye, 1996; Wang et al., 2011). From 24 July to 4
August 2016, sediment and water samples were collected at
11 stations in coral reef habitats surrounding Qilian Yu Island
(112°14/-112°21'E, 16°55'-17°00'N), in the Xuande group
(Supplementary Table S1 and Supplementary Figure S1). The
ocean hydrological characteristics are relatively stable here, and
the coral reef ecosystems are largely not affected by human
activities and terrestrial runoff (Ye, 1996; Huang et al., 2008).
The coral reef in Paracel Island typically distributes in irregular
block, and some even suffering coral bleaching, therefore, all
the sampling sites were chosen among the coral reef with high
biology diversity. The sediment samples were collected in 6-14 m
water depth within the coral reef, according to their actual depth
in different location and duplicate samples were collected from
each sampling site. The coral reef sediments of sampling sites
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consist of sandy calcareous sands. The temperature and salinity
of Qilian Yu during sampling period were relatively stable. The
top 1 cm of sediment was discarded, and the underlying 2-5 cm
depth of sediment was retained according to pervious study.
The sediment (200 ml volume) and seawater (150 ml) samples
were collected into 500-ml plastic bottles, and MMPs in the
samples were magnetically enriched from the samples on board
the research vessel immediately following sampling. This was
achieved by placing the south poles of two 0.37 T permanent
magnets against opposite outer surfaces of the bottles, adjacent
to the water-sediment interface (Flies et al., 2005). After 30 min,
approximately 1 ml of the water containing brown-blackish spots
that formed in the bottles adjacent to the magnets was withdrawn
into a 1.5-ml centrifuge tube. The bacteria in the withdrawn
sample were inspected using the hanging drop method and
counted (Schiiler, 2002; Flies et al., 2005). The enriched MMPs
were magnetically concentrated and purified using the tube-track
method, as previously described (Zhou et al., 2013). Purified
MMPs were used to make electron microscopy observations.
Following observations, the samples were stored under dim light
at 16°C on the research vessel for transport to the laboratory for
micromanipulation and phylogenetic analysis.

Optical and Electron Microscopy

Multicellular magnetotactic prokaryotes were observed in the
hanging drop assay (Schiiler, 2002; Flies et al., 2005) using
an Olympus BX51 phase contrast microscope equipped with a
Canon 700D camera. The concentrated samples removed from
sediment were left into the magnetic field for approximately
30 min before counting. The entire water drop border
was recorded, both north-seeking and south-seeking MMPs
were counted. For transmission electron microscopy (TEM)
observations, purified samples were adsorbed onto 200 mesh
Formvar carbon copper grids (Beijing Zhong Jing Ke Yi
Technology Co. Ltd.), and examined using a Hitachi HT7700
transmission electron microscope operating at 100 kV. The
composition of magnetosomes and inclusions was investigated
using high resolution TEM (HRTEM,; Joel JEM-2100 microscope,
operating at 200 kV) and energy dispersive X-ray spectroscopy
(EDXS). To investigate the surface morphology of the MMPs, the
cells were fixed with glutaraldehyde at the final concentration of
1.25% and stored at 4°C during the voyage, and then transferred
onto 0.2-pm nuclepore polycarbonate (Whatman, Britain) via
extraction filtration when came back to laboratory. Afterward,
the samples were dehydrated with ethanol and isoamyl acetate.
Properly dried and gold coated samples were examined using
scanning electron microscopy (SEM) using a KYKY-2800B
scanning electron microscope (KYKY Technology Development
Ltd., China) operating at 25 kV.

Physical and Chemical Characteristics of
Sediments

For granulometric analysis, the sediments were dried at 80°C for
3 h then sieved sequentially through 4, 2, 1, 0.5, 0.25, 0.125, 0.1,
and 0.063 mm meshes. The fractions were weighed and examined
using an Olympus SZX16 stereo microscope. Measurements were

performed on the samples from all 11 stations. The salinity and
pH were determined using a hand held refractometer (YW100;
Chenhua, Chengdu, China) and a benchtop pH/temperature
meter (JENCO 6173; Shanghai, China), respectively.

Phylogenetic Analysis

For phylogenetic analysis of MMPs from the coral reef habitats,
we combined micromanipulation with WGA, followed by
polymerase chain reaction (PCR) amplification of the 16S
rRNA gene. The procedures of using micromanipulation for
identification of MTB and MMPs genome sequencing have been
described previously (Jogler et al., 2011; Kolinko et al., 2012;
Zhang et al., 2014; Chen et al., 2015, 2016; Liu et al., 2017, 2018;
Teng et al., 2017) and WGA of the cells of MMPs was carried out
according to the provided guidelines of the illustra™ Single Cell
GenomiPhi™ DNA Amplification Kit (GE29-1080-39; Sigma,
United States), with an amplification time of 2.5 h. The bacteria-
specific primers 27f and 1492r (Sangon Biotech, Shanghai, China)
were used for the PCR (Frank et al., 2008), which was performed
using a Mastercycler (Eppendorf, German). The resulting PCR
products were cloned into the pMD18-T vector (Takara, Dalian,
China) and transformed into competent E. coli TOP10 cells. The
clones were randomly selected for sequencing, which was carried
out by Nanjing Genscript Biotechnology (Nanjing, China) (Teng
etal., 2017).

The 16S rRNA gene sequences of MMPs obtained in this
study were analyzed using the BLAST search program'. All the
sequences were aligned using CLUSTAL W multiple alignment
software, and sequence identities were calculated using the
BIOEDIT software. A phylogenetic tree was constructed using
the neighbor-joining method in MEGA 6.0, and bootstrap values
were calculated from 1000 replicates (Teng et al.,, 2017). The
sequences were submitted in the GenBank database under
accession numbers KY21895-KY21900.

RESULTS

Physical and Chemical Characteristics of
Sediments

Sediments from the coral reef habitats of the Paracel Islands were
sorted into gravel, sand, and silt, and analyzed (Supplementary
Figure S2). The presence of angular grains suggested that
the environment is generally hydrodynamically calm. The
grain size varied from <0.063 to >4 mm, with sand in the
range 2-0.063 mm (arenite granulometric class) comprising the
largest proportion. The sediments contained large quantities of
biological detritus including shells, fragment of gastropods, coral
detritus, and sea urchin spicules. The pH was 7.62-7.89 and the
salinity was 37%o.

Morphological Characterization of MMPs
and Their Magnetosomes

The MMPs were investigated using optical microscopy following
magnetic enrichment. The s-MMP morphotype was found in

'http://www.ncbi.nlm.nih.gov/BLAST/
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FIGURE 1 | Occurrence and morphology of MMPs. (A) Differential
interference contrast image showing MMPs aligned to the magnetic field (the
direction of the applied magnetic field is indicated at the middle left, B symbol
for magnetic induction intensity) and accumulating at the north pole of the
droplet. The white and black arrows indicate s-MMPs and e-MMPs,
respectively. (B) SEM images showing an integrated s-MMP cell. (C) SEM
images showing integrated e-MMP cells that have formed five interlaced
circles, with flagella evident on the surface. (D) SEM images showing cracked
e-MMP with triangle and rectangle-shaped cells. Scale bars = 10 wm in panel
(A) and 1 wm in the other panels.

samples from nine stations (average abundance: 0.25 ind./cm?)
and e-MMPs were found at seven stations (average abundance:
0.943 ind./cm?). The maximum abundance of MMPs found was
6 ind./cm? (Supplementary Table S1). Based on the observation
under optical microscopy, two out of nine stations, C11 and
C14, were observed containing both North- and South-seeking
s-MMPs, with the ratio of 5:1 and 25:1, respectively. While,
only one station, C11, contained both North- and South-seeking
e-MMPs, with the ratio of 5:1.

Optical microscopy showed that the e-MMPs were
7.47 + 1.65 pm X 6.04 + 1.21 wm (n = 177) in size, and
the average diameter of the s-MMPs was 587 + 1.37 pum
(n = 166) (Figure 1A). SEM analysis revealed differing surface
structures associated with s-MMPs and e-MMPs, which were
flagellated on their outer surfaces (Figure 1C). Each s-MMP
was composed of approximately 30 ovoid cells arranged in a
helix, and each cell was 1.67 + 0.31 mm (n = 12) (Figure 1B).
Individual e-MMPs were composed of up to 100 cells arranged
in 5-7 interlaced circles that formed grooves at the joint areas.
The cells forming the top one to two cell circles at the poles of the
e-MMPs appeared to be triangle-shaped, whereas those in the
middle were rectangle-shaped (Figure 1D). Each cell averaged
0.51 & 0.08 wm (n = 75) in width, and were 0.78 £ 0.33 pm
(n =18) and 1.49 & 0.32 um (n = 17) in length for cells in the
polar and middle cell circles, respectively. These observations
resemble the reports of MMPs previously (Figure 1C; Zhou et al.,
2012; Chen et al., 2015, 2016).

Transmission electron microscopy showed that the s-MMPs
from the Paracel Islands synthesized only bullet-shaped
magnetosomes in different shape factors, which were arranged in
chains or clusters (Figure 2A). The amount of magnetosomes per
s-MMP varied from 233 to 1189, and each cell contained 35 + 17

B
o

" Energy (keV)

a

Counts

FIGURE 2 | Characteristics of magnetosomes in s-MMPs. (A) Overview TEM
images of s-MMPs containing bullet-shaped magnetosomes.

(B) Magnification of a selected area from panel (A), showing the bullet-shaped
magnetosomes. (C,D) HRTEM analysis identification of the magnetite (FezOy4)
in the bullet-shaped magnetosomes. (E) EDXS analysis showing the spectrum
of magnetite (FegO4) in the bullet-shaped magnetosomes. The black and red
lines represent spectrum from magnetosome and cytoplasm, respectively. The
black arrows indicate peaks of iron and oxygen. Scale bars = 1 um in

(A), 100 nmin (B), 10 nmin (C), and 1 nm in (D).

magnetosomes (n = 38). The bullet-shaped magnetosomes were
139.4 £ 36.3 nm X 39.2 & 3.5 nm (n = 149), and the width/length
ratio was 0.30 & 0.10 (n = 149) (Figure 2B). HRTEM and EDXS
analyses indicated that the magnetosomes were composed
of magnetite (Fe3Oy4) crystals (Figures 2C-E). TEM-based
observations revealed that some of the e-MMPs contained
only bullet-shaped magnetosomes (Figures 3A1,A2), while
others contained both bullet-shaped and octahedral crystals
(Figures 3B1-B3). In integrated e-MMPs, the magnetosomes
in the middle cell circles were clustered linearly, and ran
approximately parallel to the long axis of the e-MMP, and
crossed at bipolar. The magnetosomes of the e-MMPs from the
coral reef habitats were poorly organized compared with those of
e-MMPs from the intertidal zone of Lake Yuehu in Rongcheng
Bay (China) (Chen et al., 2015), and from Drummond Island
in the South China Sea (Chen et al., 2016). Well-ordered
magnetosome chains optimize the magnetic moment of the
entire aggregate (Wenter et al, 2009). The magnetosomes of
disintegrated e-MMPs were arranged into several parallel chains
in every planar cell. The number of magnetosomes in each
e-MMP varied from 2421 to 7486, and the average number of
magnetosomes per cell was 45 £ 20 (n = 39). The bullet-shaped
magnetosomes were 134 & 23 nm in length and 40 £ 4 nm
(n = 182) in width, and the breadth/length ratio was 0.30 £ 0.06
(n = 182). The octahedral crystals were approximately 40 nm
in size (Figure 3B3). HRTEM and EDXS analyses revealed
that both types of magnetosome were composed of magnetite
(Fe3O4) (Figures 3A3,A4,B4-B6). EDXS analyses showed that
the inclusions in the e-MMPs contained large quantities of
phosphorus and oxygen, possibly in the form of polyphosphate
(Figure 3B7).
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FIGURE 3 | Characteristics of magnetosomes in e-MMPs. (A) MMPs containing only bullet-shaped magnetosomes. Overall (A1) and magnified (A2) TEM views
showing the bullet-shaped magnetosomes. HRTEM (A3) and EDXS (A4) spectra for the magnetite (FezO4) in the bullet-shaped magnetosomes. (B) MMPs
containing both bullet-shaped and rectangular magnetosomes. Overall (B1) and magnified TEM views showing inclusion bodies [(B2), yellow arrow] and
bullet-shaped magnetosomes [(B3), black arrow] clustered with octahedral magnetosomes [(B3), white arrow]. HRTEM (B4) and EDXS (B5) analysis showing the
spectrum of magnetite (Fe3Oy4) in the bullet-shaped magnetosomes. EDXS analysis of octahedral magnetosomes (B6) and polyphosphate in the inclusions

(B7) respectively. Scale bars = 2 um in (A1), 50 nmin (A2), 1 nmin (A3,B4), 5 um in (B1), 1 pm in (B2), and 10 nm in (B3).

' Eneargy (KseV) ’

Phylogenetic Analysis

Two microsorted samples containing 11 s-MMPs and 1 e-MMP,
respectively, were obtained from Paracel Islands coral reef
sediment samples and were subjected to 16S rRNA gene analysis.
The extracted genomic DNA was amplified using the multiple
displacement amplification (MDA) method, and then the 16S
rRNA gene was amplified and cloned. In total, 36 and 20
randomly chosen clones of s-MMPs and the e-MMP were
sequenced, respectively. Among the 36 s-MMP sequences, a total
of 5 OTUs (<97% sequence identity) were obtained. The 18
e-MMP sequences (2 of the 20 were derived from false positive
clones) shared at least 99.2% sequence identity. Phylogenetic
analysis (Figure 4) of the 16S rRNA gene sequences revealed
that all MMPs were affiliated with the Deltaproteobacteria. The
s-MMPs clustered into a single clade that was separate from the
clade of the e-MMPs. The 5 species of s-MMPs were named
as the uncultured Deltaproteobacteria MMP clones PI7B-6
(KY21895; 16 sequences), PI7B-11 (KY21896; 1 sequence), PI7B-
17 (KY21897; 1 sequence), PI7B-31 (KY21898; 15 sequences), and
PI7B-40 (KY21899; 3 sequences), and the e-MMP species was
designated as uncultured Deltaproteobacteria MMP clone PI3B-7
(KY21900).

Based on a BLAST search of the GenBank database,
the uncultured Deltaproteobacteria clone PI7B-6 was most
closely related (98.9% sequence identity) to the uncultured
Deltaproteobacteria MMP clone mmp2_19 (DQ630701) from
the Sippewissett salt marsh in Falmouth (United States)
(Simmons and Edwards, 2007), and to PI7B-11 (96% sequence
identity). Candidatus Magnetomorum sp. 1-7 (KF498702),
from Lake Yuehu in Rongcheng Bay of China (Zhang
et al., 2014), showed the highest level of identity with the
uncultured Deltaproteobacteria MMP clones PI7B-17 (97%
sequence identity), PI7B-31 (97.1% sequence identity),
and PI7B-40 (96.4% sequence identity). The uncultured
Deltaproteobacteria e-MMP clone PI3B-7 from the Paracel
Islands shared 99 and 98.2% sequence identity with Candidatus
Magnetananas sp. SF-1 (KT722334) from Six-Fours-les-Plages
(France) (Chen et al, 2016) and Candidatus Magnetananas
rongchenensis (KF925363) from Lake Yuehu in the Yellow
Sea, respectively, which indicated that they share the same
phylotype despite being highly geographically separated. The
results indicate that two new species of s-MMP (PI7B-11
and PI7B-40) were amongst those identified from the Paracel
Islands.
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FIGURE 4 | Phylogenetic tree of MMPs based on 16S rRNA gene sequences. The tree was constructed based on neighbor-joining analysis. The sequences
determined in this study are shown in bold. GenBank accession numbers are indicated in parentheses. Numbers at nodes represent bootstrap values and are
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DISCUSSION

To increase knowledge of MMP communities in coral reef
habitats, we made an investigation on the diversity of MMPs from
Qilian Yu Islands. These islands are part of the Paracel Islands,
have a similar natural environment to that of the entire Paracel
Islands. The Paracel Islands are located in the central tropics
with a year-round high temperatures and the annual average
air temperature of 26-27°C. In this study, we found MMPs at
9 of 11 sampling stations that encompassed most of the area
having reef coral habitat at Qilian Yu Islands. The study indicated
that two MMP morphotypes, s-MMPs and e-MMPs, are widely
distributed in coral reef habitats of the Paracel Islands. Among
the two morphotypes, we identified one species of e-MMP and
five species of s-MMP; the latter MMPs included two new species.
These findings expand and highlight the known distribution
and diversity of MMPs, and comprise the first report of MMPs
from coral reef habitats. Our study also shows that s-MMPs and
e-MMPs were widely distributed, and not just limited to the
intertidal zone (Lefévre et al., 2007; Chen et al., 2015, 2016).

In previous studies, the sampling sediment always contained
gray-black layers due to changes in sulfur content with depth
(Wenter et al, 2009; Zhang et al., 2014; Chen et al., 2015;
Du et al, 2015; Liu et al, 2018). It is reported that greigite
biomineralization in some MTB (Simmons et al., 2004; Simmons
and Edwards, 2007; Lefevre et al, 2011, 2013; Chen et al,
2015) may reflect their sulfate-reducing lifestyle adapted to more

reducing conditions. In this study, gray or black layers were
not observed during sampling, and the sediment was typical
calcareous sand in white. Therefore, the oxidation potential of
the sampling sites in coral reef habitats may be higher compared
with those in gray-black layers theoretically. And the fact that
no greigite crystals were found in our study also verified a less
reducing condition in coral reef habitats. Previously studies also
demonstrated that dissolved O, can penetrate 15-30 cm into
the Checker Reef sediments, depending on wave action and
sediment permeability (Haberstroh and Sansone, 1999; Falter and
Sansone, 2000a,b). The less reducing environment may imply
higher dissolved oxygen concentration, thereby, may indicate the
coral reef ecosystem in Qilian Yu is healthy and of good quality.
It has been demonstrated that salinity is a key determinant
of MTB abundance and biogeography (Martins et al., 2009,
2012; Lin et al.,, 2013; Du et al., 2015) as well as coral reef
fertilization and embryo development (Humphrey et al., 2008).
MMPs lost cells shape and disaggregated (Martins et al., 2009),
and coral reef embryos were observed to develop abnormal
and no fertilization occurred (Humphrey et al., 2008) when
undergoing low salinity conditions. Based on the investigation
and analysis of environmental factors of coral reef habitats in the
tropical ocean (Guan et al., 2015), the salinity and pH of seawater
in Paracel Islands where the MMPs were observed are within the
tolerance limits of coral. Hence, MMPs may be used as indicator
species in future monitoring the evolution and water quality for
coral reef ecosystem.
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Coral reefs are among the most productive and biologically
diverse habitats (Moberg and Folke, 1999; Garren and Azam,
2012), are host to an extraordinary variety of marine plants
and animals, and constitute one of the most spectacular
ecosystems on earth (Spalding et al., 2001). In the tropical
surface waters surrounding coral reefs, the micronutrient iron
is typically found at low concentration (Gordon et al., 1997;
Blain et al, 2008). Thus, iron has been proposed to limit
primary productivity (Ferrier-Pages et al, 2001; Rodriguez
et al, 2016) due to its essential role in most metabolic
reactions, such as photosynthesis and microbial N, fixation
(Price, 1968). Owing to the anthropogenic activity, such as
shipwreck (Sandin et al., 2008; Work et al., 2008), Fe element
has been continuously released into the surrounding waters of
coral reef from the source of iron. The Fe supplementation
supports the overgrowth of phytoplankton and heterotrophic
microbes, increases the respiration rates significantly (Radecker
et al, 2017), and resulting in black reefs with a dramatic
loss of corals and crustose coralline algae cover (Schroeder
et al., 2008; Work et al., 2008). Iron enrichment can also
cause the dramatic decrease of microbial nitrogen fixation
and may exacerbate the limitation of other nutrients (Kelly
et al, 2012), creating a negative feedback loop (Radecker
et al., 2017). Iron enrichment turned the oligotrophic waters
into eutrophication and resulting in a decrease in pH and
aragonite saturation state (Qurag) as well as depletion in dissolved
oxygen (Xu et al, 2016). Qqrag represents the effect of ocean
acidification on biologically mediated CaCOj3; precipitation
(Waldbusser and Salisbury, 2014), and several studies indicate
that coral calcification decreases with declining Qg (Chris
et al, 2000; Marubini et al, 2008). Together, redundant
iron poses significant threats to coral reefs in iron-limited
regions.

Magnetotactic  bacteria, especially MMPs is typically
considered as the pioneer in biomineralization Fe to
biosynthesize magnetite and greigite. MTB may accumulate
up to 100 times more iron than other non-magnetotactic
heterotrophic bacteria (Schiiler and Baeuerlein, 1996). It is
estimated that the magnetosomes production varies from 2.6
to 41.7 mg/L (Araujo et al, 2015) in unicellular MTB and
1.16 x 1072 g per Ca. M. multicellularis (Martins et al., 2009).
According to the size (82 nm in diameter) and amount (905
per microorganism) of magnetosomes in Ca. M. multicellularis
(Martins et al., 2009), the production of magnetosomes in MMPs
in this study may equal to that of Ca. M. multicellularis. It has
been identified that ciliates prey on MMPs and magnetosomes
within their acidic vacuoles can be dissolved in a more soluble
form (Martins et al., 2007; Garren and Azam, 2012), which make
iron from magnetosome able to participate in the metabolic
process (Martins et al., 2009) and biogeochemical cycles among
the coral reef ecosystem. Therefore, MMPs may act as reservoir
of redundant iron to maintain the iron concentration under
reasonable level and play a crucial role in iron cycling in such
oligotrophic environment.

A healthy coral reef functions as a finely tuned microbially
driven system that excels at efficient uptake and recycling of
nutrients in oligotrophic waters (Garren and Azam, 2012).

Diverse microorganisms in these ecosystems exert a significant
influence on biogeochemical and ecological processes (Wild et al.,
2006; Mayer and Wild, 2010; Mouchka et al., 2010; Tremblay
et al., 2011). It has been demonstrated that the microbial
communities in the reef sediment play an important role in
benthic-pelagic coupling of nitrogen cycling (Gaidos et al., 2011).
And all benthic environments associated with coral reef that
have been examined, were found to have nitrogen fixation
(Larkum et al., 1988; Shashar et al., 1994; Casareto et al., 2008;
Charpy et al., 2010). Most MTB strains also exhibit nitrogenase
activity and contain a full suite of nif genes in their genomes
(Bazylinski and Blakemore, 1983; Bazylinski et al., 2000; Schiibbe
et al., 2009). Thus, we can speculate the MMPs take part in
the nitrogen cycling in coral reef ecosystem despite that the
axenic culture and complete genome of MMPs are not yet
available.

It is pointed out that the swimming polarity of s-MMPs
can change during an isolation process in the presence of
high magnetic fields and magnetic field gradients and the
swimming polarity reversal depends on the magnetic moment
intensity of MMPs (de Melo and Acosta-Avalos, 2017). In this
study, a small proportion of south-seeking organisms were also
observed in two samples. Since the magnetic fields applied
from magnets are equal between all the samples, the magnetic
moment intensity of south-seeking MMPs must be higher than
the north-seeking ones. The s-MMPs have been reported to
crystallize iron sulfide greigite magnetosomes having irregular
shapes, including roughly equi-dimensional or flake shapes
(Farina et al., 1983, 1990; Mann et al, 1990; Keim et al,
2004a; Abreu et al., 2007; Wenter et al., 2009), bullet-shaped
magnetite (Zhou et al., 2011, 2013) or greigite magnetosomes
(Wenter et al., 2009), or both equi-dimensional greigite and
bullet-shaped magnetite magnetosomes (Lins et al., 2007; Zhang
etal., 2014). Bullet-shaped magnetosomes are relatively rarer than
irregular magnetosomes, and greigite crystals are more common
in s-MMPs. Two phenotypes of s-MMP recently identified from
the Yellow Sea area (one from Lake Yuehu and the other from
Huiquan Bay) which are similar in size, can produce only bullet-
shaped magnetite magnetosomes of 92 nm x 30 nm size (Zhou
etal,, 2011, 2013). The s-MMPs from Huiquan Bay are composed
of approximately 15-30 cells that can synthesize bullet-shaped
magnetites in chains or clusters, while those from Lake Yuehu are
usually composed of 10-16 ovoid cells which can biomineralize
bullet-shaped magnetite crystals in highly organized parallel
chains. While another s-MMPs identified from Lake Yuehu
usually contain 16-32 ovoid cells and can synthesize both bullet-
shaped magnetosomes (80 nm x 34 nm in size) and irregular
magnetosomes (64 nm x 53 nm in size), which were also
arranged in chains or clusters (Zhang et al., 2014). In the present
study, the magnetosomes in s-MMPs from coral reef habitats
of the Paracel Islands were all bullet-shaped magnetite crystals
approximately 139 nm X 39 nm in size, which is larger than
those previously reported (Zhou et al., 2011, 2013). The e-MMPs
predominantly contained bullet-shaped magnetite crystals (Zhou
etal., 2012; Chen et al., 2015, 2016), whereas one type of e-MMP
from Lake Yuehu had both bullet-shaped magnetite and irregular
greigite magnetosomes (Chen et al, 2015). Interestingly, the
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e-MMPs in this study were able to synthesize magnetite crystals
in bullet and octahedral shapes. Similar observations have been
previously been made for unicellular MTB (Li et al., 2015). Based
on Li et al. (2015), octahedral magnetosomes in e-MMPs in our
study may be nascent crystal with cubo-octahedron shape in
the initial isotropic growth stage of biomineralization of bullet-
shaped magnetite magnetosomes, since the cubo-octahedron
crystals are typically about 35-40 nm, similar to the octahedral
magnetosomes in our study (Li et al., 2015). All MMPs found in
this study contained only magnetite magnetosomes, which may
be related to the environment of coral reef habitats, indicating
that further analysis of the potential role of environmental
factors at the Paracel Islands in magnetosome formation is
needed.

AUTHOR CONTRIBUTIONS

WZ, HP, HH, L-FW, and TX designed the research. ZT, YZ,
and JX prepared samples. ZT, WZ, and HP carried out the
experiments. ZT and WZ prepared the manuscript.

REFERENCES

Abreu, F., Martins, J. L., Silveira, T. S., Keim, C. N., De Barros, H. G., Filho,
F. J., et al. (2007). ‘Candidatus Magnetoglobus multicellularis, a multicellular,
magnetotactic prokaryote from a hypersaline environment. Int. J. Syst. Evol.
Microbiol. 57(Pt 6), 1318-1322. doi: 10.1099/ijs.0.64857-0

Abreu, F., Silva, K. T, Leao, P., Guedes, I. A, Keim, C. N., Farina, M.,
et al. (2013). Cell adhesion, multicellular morphology, and magnetosome
distribution in the multicellular magnetotactic prokaryote Candidatus
Magnetoglobus ~ multicellularis. ~ Microsc. ~ Microanal. 19,  535-543.
doi: 10.1017/51431927613000329

Abreu, F., Silva, K. T., Martins, J. L., and Lins, U. (2006). Cell viability in
magnetotactic multicellular prokaryotes. Int. Microbiol. 9, 267-272.

Araujo, A. C., Abreu, F,, Silva, K. T., Bazylinski, D. A, and Lins, U. (2015).
Magnetotactic bacteria as potential sources of bioproducts. Mar. Drugs 13,
389-430. doi: 10.3390/md13010389

Bazylinski, D., and Blakemore, R. (1983). Nitrogen fixation (acetylenereduction)
in Aquaspirillum magnetotacticum. Curr. Microbiol. 9, 305-308. doi: 10.1007/
BF01588824

Bazylinski, D. A., Dean, A. J., Schuler, D., Phillips, E. J., and Lovley, D. R. (2000).
N2-dependent growth and nitrogenase activity in the metal-metabolizing
bacteria. Geobacter and Magnetospirillum species. Environ. Microbiol. 2,
266-273. doi: 10.1046/j.1462-2920.2000.00096.x

Bazylinski, D. A., and Frankel, R. B. (2004). Magnetosome formation in
prokaryotes. Nat. Rev. Microbiol. 2, 217-230. doi: 10.1038/nrmicro842

Blain, S., Bonnet, S., and Guieu, C. (2008). Dissolved iron distribution in the
tropical and sub tropical South Eastern Pacific. Biogeosciences 5, 269-280.
doi: 10.5194/bg- 5-269-2008

Blakemore, R. P. (1982). Magnetotactic bacteria. Annu. Rev. Microbiol. 36,217-238.
doi: 10.1146/annurev.mi.36.100182.001245

Bourne, D. G., and Webster, N. S. (2013). “Coral Reef Bacterial Communities,” in
The Prokaryotes: Prokaryotic Communities and Ecophysiology, eds E. Rosenberg,
E. F. Delong, S. Lory, E. Stackebrandt, and F. Thompson (Berlin: Springer),
163-187.

Casareto, B. E., Charpy, L., Langlade, M. J., Suzuki, T., Ohba, H., and Niraula, M.
(2008). “Nitrogen fixation in coral reef environments,” in Proceedings of the 11th
International Cora Reef Symposium, Ft. Lauderdale, FL.

Charpy, L., Palinska, K. A., Casareto, B., Langlade, M. J., Suzuki, Y., Abed, R. M. M.,
et al. (2010). Dinitrogen-fixing cyanobacteria in microbial mats of two shallow
coral reef ecosystems. Microb. Ecol. 59, 174-186. doi: 10.1007/500248-009-
9576-y

FUNDING

This study was supported by grants from the National Natural
Science Foundation of China (NSFC 41330962, 41776131, and
41776130) and the National Natural Science Foundation of
China-Shandong Joint Fund (U1706208).

ACKNOWLEDGMENTS

We thank Jiansheng Lian and Wenke Lian for their assistance
with biological sampling, Wei Liu for assistance with TEM
analysis and SEM observations, and Xicheng Ma for supporting
our TEM analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.02135/full#supplementary- material

Chen, Y. R,, Zhang, R, Du, H. J,, Pan, H. M., Zhang, W. Y., Zhou, K, et al.
(2015). A novel species of ellipsoidal multicellular magnetotactic prokaryotes
from Lake Yuehu in China. Environ. Microbiol. 17, 637-647. doi: 10.1111/1462-
2920.12480

Chen, Y. R, Zhang, W. Y., Zhou, K., Pan, H. M., Du, H. J,, Xu, C,, et al
(2016). Novel species and expanded distribution of ellipsoidal multicellular
magnetotactic prokaryotes. Environ. Microbiol. Rep. 8, 218-226. doi: 10.1111/
1758-2229.12371

Chris, L., Taro, T., Colm, S., Dave, C., John, G., Francesca, M., et al. (2000). Effect of
calcium carbonate saturation state on the calcification rate of an experimental
coral reef. Glob. Biogeochem. Cycles 14, 639-654. doi: 10.1029/1999GB
001195

De Azevedo, L. V., De Barros, H. L., Keim, C. N., and Acostaavalos, D. (2013). Effect
of light wavelength on motility and magnetic sensibility of the magnetotactic
multicellular prokaryote ‘Candidatus Magnetoglobus multicellularis’. Antonie
Van Leeuwenhoek 104, 405-412. doi: 10.1007/5s10482-013-9964-7

de Melo, R. D., and Acosta-Avalos, D. (2017). The swimming polarity of
multicellular magnetotactic prokaryotes can change during an isolation process
employing magnets: evidence of a relation between swimming polarity and
magnetic moment intensity. Eur. Biophys. ]. 46, 533-539. doi: 10.1007/s00249-
017-1199-5

Delong, E. F., Frankel, R. B., and Bazylinski, D. A. (1993). Multiple evolutionary
origins of magnetotaxis in bacteria. Science 259, 803-806. doi: 10.1126/science.
259.5096.803

Du, H. J,, Chen, Y. R, Zhang, R., Pan, H. M., Zhang, W. Y., Zhou, K, et al.
(2015). Temporal distributions and environmental adaptations of two types of
multicellular magnetotactic prokaryote in the sediments of Lake Yuehu. China
Environ. Microbiol. Rep. 7, 538-546. doi: 10.1111/1758-2229.12284

Edwards, K. J., and Bazylinski, D. A. (2008). Intracellular minerals and metal
deposits in prokaryotes. Geobiology 6, 309-317. doi: 10.1111/j.1472-4669.2008.
00156.x

Falter, J. L., and Sansone, F. J. (2000a). Hydraulic control of pore water
geochemistry within the oxic-suboxic zone of a permeable sediment. Limnol.
Oceanogr. 45, 550-557. doi: 10.4319/10.2000.45.3.0550

Falter, J. L., and Sansone, F. J. (2000b). Shallow pore water sampling in reef
sediments. Coral Reefs 19, 93-97. doi: 10.1007/s003380050233

Farina, M., Debarros, H. L., Esquivel, D. M. S., and Danon, J. (1983). Ultrastructure
of a magnetotactic microorganism. Biol. Cell 48, 85-88.

Farina, M., Esquivel, D. M. S., and De Barros, H. L. (1990). Magnetic iron-
sulphur crystals from a magnetotactic microorganism. Nature 343, 256-258.
doi: 10.1038/343256a0

Frontiers in Microbiology | www.frontiersin.org

September 2018 | Volume 9 | Article 2135


https://www.frontiersin.org/articles/10.3389/fmicb.2018.02135/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.02135/full#supplementary-material
https://doi.org/10.1099/ijs.0.64857-0
https://doi.org/10.1017/S1431927613000329
https://doi.org/10.3390/md13010389
https://doi.org/10.1007/BF01588824
https://doi.org/10.1007/BF01588824
https://doi.org/10.1046/j.1462-2920.2000.00096.x
https://doi.org/10.1038/nrmicro842
https://doi.org/10.5194/bg-5-269-2008
https://doi.org/10.1146/annurev.mi.36.100182.001245
https://doi.org/10.1007/s00248-009-9576-y
https://doi.org/10.1007/s00248-009-9576-y
https://doi.org/10.1111/1462-2920.12480
https://doi.org/10.1111/1462-2920.12480
https://doi.org/10.1111/1758-2229.12371
https://doi.org/10.1111/1758-2229.12371
https://doi.org/10.1029/1999GB001195
https://doi.org/10.1029/1999GB001195
https://doi.org/10.1007/s10482-013-9964-7
https://doi.org/10.1007/s00249-017-1199-5
https://doi.org/10.1007/s00249-017-1199-5
https://doi.org/10.1126/science.259.5096.803
https://doi.org/10.1126/science.259.5096.803
https://doi.org/10.1111/1758-2229.12284
https://doi.org/10.1111/j.1472-4669.2008.00156.x
https://doi.org/10.1111/j.1472-4669.2008.00156.x
https://doi.org/10.4319/lo.2000.45.3.0550
https://doi.org/10.1007/s003380050233
https://doi.org/10.1038/343256a0
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Teng et al.

MMPs in Coral Reef Habitats

Ferrier-Pages, C., Schoelzke, V., Jaubert, J., Muscatine, L., and Hoegh-Guldberg, O.
(2001). Response of a scleractinian coral. Stylophora pistillata, to iron and
nitrate enrichment. J. Exp. Mar. Biol. Ecol. 259, 249-261. doi: 10.1016/S0022-
0981(01)00241-6

Flies, C. B., Peplies, J., and Schuler, D. (2005). Combined approach for
characterization of uncultivated magnetotactic bacteria from various aquatic
environments. Appl. Environ. Microbiol. 71, 2723-2731. doi: 10.1128/ AEM.71.
5.2723-2731.2005

Frank, J. A., Reich, C. I, Sharma, S., Weisbaum, J. S., Wilson, B. A., and Olsen,
G.J. (2008). Critical evaluation of two primers commonly used for amplification
of bacterial 16S rRNA genes. Appl. Environ. Microbiol. 74, 2461-2470. doi:
10.1128/aem.02272-2277

Gaidos, E., Rusch, A., and Ilardo, M. (2011). Ribosomal tag pyrosequencing
of DNA and RNA from benthic coral reef microbiota: community spatial
structure, rare members and nitrogen-cycling guilds. Environ. Microbiol. 13,
1138-1152. doi: 10.1111/.1462-2920.2010.02392.x

Garren, M., and Azam, F. (2012). New directions in coral reef microbial ecology.
Environ. Microbiol. 14, 833-844. doi: 10.1111/j.1462-2920.2011.02597.x

Gordon, R. M., Coale, K. H., and Johnson, K. S. (1997). Iron distributions in
the equatorial Pacific: implications for new production. Limnol. Oceanogr. 42,
419-431. doi: 10.4319/10.1997.42.3.0419

Guan, Y., Hohn, S., and Merico, A. (2015). Suitable environmental ranges for
potential coral reef habitats in the tropical ocean. PLoS One 10:e0128831. doi:
10.1371/journal.pone.0128831

Haberstroh, P. R., and Sansone, F. J. (1999). Reef framework diagenesis across
wave flushed oxic-suboxic-anoxic transition zones. Coral Reefs 18, 229-240.
doi: 10.1007/s003380050187

Huang, H., Dong, Z., and Lian, J. (2008). Establishment of nature reserve of coral
reef ecosystem on the Xisha Island. Trop. Geogr. 28, 504-544.

Humpbhrey, C., Weber, M., Lott, C., Cooper, T., and Fabricius, K. (2008). Effects of
suspended sediments, dissolved inorganic nutrients and salinity on fertilisation
and embryo development in the coral Acropora millepora (Ehrenberg, 1834).
Coral Reefs 27, 837-850. doi: 10.1007/s00338-008-0408-401

Jogler, C., Wanner, G., Kolinko, S., Niebler, M., Amann, R., Petersen, N., et al.
(2011). Conservation of proteobacterial magnetosome genes and structures in
an uncultivated member of the deep-branching Nitrospira phylum. Proc. Natl.
Acad. Sci. U.S.A. 108, 1134-1139. doi: 10.1073/pnas.1012694108

Kannapiran, E., Purushothaman, A., Kannan, L., and Saravanan, S. (1999).
Magneto bacteria from estuarine, mangrove and coral reef environs in Gulf of
Mannar. Indian J. Mar. Sci. 28, 332-334.

Keim, C., Martins, J., Lins, De Barros, H., Lins, U., and Farina, M. (2007). Structure,
Behavior, Ecology and Diversity of Multicellular Magnetotactic Prokaryotes.
Berlin: Springer.

Keim, C. N., Abreu, F., Lins, U., Lins, De Barros, H., and Farina, M. (2004a).
Cell organization and ultrastructure of a magnetotactic multicellular organism.
J. Struct. Biol. 145, 254-262. doi: 10.1016/j.jsb.2003.10.022

Keim, C. N., Martins, J. L., Abreu, F., Rosado, A. S., De Barros, H. L., Borojevic, R.,
et al. (2004b). Multicellular life cycle of magnetotactic prokaryotes. FEMS
Microbiol. Lett. 240, 203-208. doi: 10.1016/j.femsle.2004.09.035

Kelly, L. W, Barott, K. L., Dinsdale, E., Friedlander, A. M., Nosrat, B., Obura, D.,
et al. (2012). Black reefs: iron-induced phase shifts on coral reefs. ISME J. 6,
638-649. doi: 10.1038/isme;j.2011.114

Kolinko, S., Jogler, C., Katzmann, E., Wanner, G., Peplies, J., and Schuler, D. (2012).
Single-cell analysis reveals a novel uncultivated magnetotactic bacterium within
the candidate division OP3. Environ. Microbiol. 14, 1709-1721. doi: 10.1111/].
1462-2920.2011.02609.x

Larkum, A. W. D., Kennedy, I. R., and Muller, W. J. (1988). Nitrogen-fixation on a
coral-reef. Mar. Biol. 98, 143-155. doi: 10.1007/BF00392669

Lefevre, C., Bernadac, A., Pradel, N., Wu, L., Yu-Zhang, K., Xiao, T., et al.
(2007). Characterization of Mediterranean magnetotactic bacteria. J. Ocean
Univ. China 6, 355-359. doi: 10.1007/s11802-007-0355-354

Lefévre, C. T., Abreu, F., Lins, U., and Bazylinski, D. A. (2010). Nonmagnetotactic
multicellular prokaryotes from low-saline, nonmarine aquatic environments
and their unusual negative phototactic behavior. Appl. Environ. Microbiol. 76,
3220-3227. doi: 10.1128/aem.00408-410

Lefévre, C. T., Menguy, N., Abreu, F., Lins, U, Posfai, M., Prozorov, T., et al. (2011).
A cultured greigite-producing magnetotactic bacterium in a novel group of
sulfate-reducing bacteria. Science 334, 1720-1723. doi: 10.1126/science.1212596

Lefévre, C. T., Trubitsyn, D., Abreu, F., Kolinko, S., Jogler, C., De Almeida,
L. G. P, et al. (2013). Comparative genomic analysis of magnetotactic bacteria
from the Deltaproteobacteria provides new insights into magnetite and greigite
magnetosome genes required for magnetotaxis. Environ. Microbiol. 15, 2712—
2735. doi: 10.1111/1462-2920.12128

Lefevre, C. T., and Wu, L. F. (2013). Evolution of the bacterial organelle responsible
for magnetotaxis. Trends Microbiol. 21, 534-543. doi: 10.1016/j.tim.2013.
07.005

Li, ], Menguy, N., Gatel, C., Boureau, V., Snoeck, E., Patriarche, G., et al.
(2015). Crystal growth of bullet-shaped magnetite in magnetotactic bacteria
of the Nitrospirae phylum. J. R. Soc. Interface 12, 292-294. doi: 10.1098/rsif.
2014.1288

Lin, W., Wang, Y., Gorby, Y., Nealson, K., and Pan, Y. (2013). Integrating niche-
based process and spatial process in biogeography of magnetotactic bacteria.
Sci. Rep. 3:1643. doi: 10.1038/srep01643

Lins, U, Keim, C. N., Evans, F. F,, Farina, M., and Buseck, P. R. (2007).
Magnetite (Fe304) and greigite (Fe3S4) crystals in multicellular magnetotactic
prokaryotes. Geomicrobiol. J. 24, 43-50. doi: 10.1080/01490450601134317

Liu, J., Zhang, W., Du, H., Leng, X,, Li, J. H., Pan, H., et al. (2018). Seasonal
changes in the vertical distribution of two types of multicellular magnetotactic
prokaryotes in the sediment of Lake Yuehu. China Environ. Microbiol. Rep. 10,
475-484. doi: 10.1111/1758-2229.12652

Liu, J., Zhang, W., Li, X, Li, X, Chen, X., Li, ]. H., et al. (2017). Bacterial community
structure and novel species of magnetotactic bacteria in sediments from a
seamount in the Mariana volcanic arc. Sci. Rep. 7:17964. doi: 10.1038/s41598-
017-17445-17444

Mann, S., Sparks, N. H., and Board, R. G. (1990). Magnetotactic bacteria:
microbiology, biomineralization, palacomagnetism and biotechnology. Adv.
Microb. Physiol. 31, 125-181. doi: 10.1016/S0065-2911(08)60121-6

Martins, J. L., Silveira, T. S., Abreu, F., De Almeida, F. P., Rosado, A. S., and
Lins, U. (2012). Spatiotemporal distribution of the magnetotactic multicellular
prokaryote Candidatus Magnetoglobus multicellularis in a Brazilian hypersaline
lagoon and in microcosms. Int. Microbiol. 15, 141-149. doi: 10.2436/20.1501.
01.167

Martins, J. L., Silveira, T. S., Abreu, F., Silva, K. T., Da Silva-Neto, I. D., and Lins, U.
(2007). Grazing protozoa and magnetosome dissolution in magnetotactic
bacteria. Environ. Microbiol. 9, 2775-2781. doi: 10.1111/j.1462-2920.2007.
01389.x

Martins, J. L., Silveira, T. S., Silva, K. T., and Lins, U. (2009). Salinity dependence
of the distribution of multicellular magnetotactic prokaryotes in a hypersaline
lagoon. Int. Microbiol. 12, 193-201.

Marubini, F., Ferrier-Pages, C., Furla, P., and Allemand, D. (2008). Coral
calcification responds to seawater acidification: a working hypothesis towards
a physiological mechanism. Coral Reefs 27, 491-499. doi: 10.1007/s00338-008-
0375-376

Mayer, F. W., and Wild, C. (2010). Coral mucus release and following particle
trapping contribute to rapid nutrient recycling in a Northern Red Sea fringing
reef. Mar. Freshw. Res. 61, 1006-1014. doi: 10.1071/mf09250

Moberg, F., and Folke, C. (1999). Ecological goods and services of coral reef
ecosystems. Ecol. Econ. 29, 215-233. doi: 10.1016/s0921-8009(99)00009-9

Mouchka, M. E., Hewson, 1., and Harvell, C. D. (2010). Coral-associated bacterial
assemblages: current knowledge and the potential for climate-driven impacts.
Integr. Comp. Biol. 50, 662-674. doi: 10.1093/icb/icq061

Pésfai, M., Buseck, P. R., Bazylinski, D. A., and Frankel, R. B. (1998). Reaction
sequence of iron sulfide minerals in bacteria and their use as biomarkers. Science
280, 880-883. doi: 10.1126/science.280.5365.880

Price, C. A. (1968). Iron compounds and plant nutrition. Annu. Rev. Plant Physiol.
19, 239-248. doi: 10.1146/annurev.pp.19.060168.001323

Radecker, N., Pogoreutz, C., Ziegler, M., Ashok, A., Barreto, M. M., Chaidez, V.,
et al. (2017). Assessing the effects of iron enrichment across holobiont
compartments reveals reduced microbial nitrogen fixation in the Red Sea coral
Pocillopora verrucosa. Ecol. Evol. 7, 6614-6621. doi: 10.1002/ece3.3293

Rodgers, F. G., Blakemore, R. P, Blakemore, N. A., Frankel, R. B., Bazylinski, D. A.,
Maratea, D, et al. (1990). Intercellular structure in a many-celled magnetotactic
prokaryote. Arch. Microbiol. 154, 18-22. doi: 10.1007/BF00249172

Rodriguez, I. B., Lin, S., Ho, J., and Ho, T. Y. (2016). Effects of trace metal
concentrations on the growth of the coral endosymbiont Symbiodinium
kawagutii. Front. Microbiol. 7:82. doi: 10.3389/fmicb.2016.00082

Frontiers in Microbiology | www.frontiersin.org

September 2018 | Volume 9 | Article 2135


https://doi.org/10.1016/S0022-0981(01)00241-6
https://doi.org/10.1016/S0022-0981(01)00241-6
https://doi.org/10.1128/AEM.71.5.2723-2731.2005
https://doi.org/10.1128/AEM.71.5.2723-2731.2005
https://doi.org/10.1128/aem.02272-2277
https://doi.org/10.1128/aem.02272-2277
https://doi.org/10.1111/j.1462-2920.2010.02392.x
https://doi.org/10.1111/j.1462-2920.2011.02597.x
https://doi.org/10.4319/lo.1997.42.3.0419
https://doi.org/10.1371/journal.pone.0128831
https://doi.org/10.1371/journal.pone.0128831
https://doi.org/10.1007/s003380050187
https://doi.org/10.1007/s00338-008-0408-401
https://doi.org/10.1073/pnas.1012694108
https://doi.org/10.1016/j.jsb.2003.10.022
https://doi.org/10.1016/j.femsle.2004.09.035
https://doi.org/10.1038/ismej.2011.114
https://doi.org/10.1111/j.1462-2920.2011.02609.x
https://doi.org/10.1111/j.1462-2920.2011.02609.x
https://doi.org/10.1007/BF00392669
https://doi.org/10.1007/s11802-007-0355-354
https://doi.org/10.1128/aem.00408-410
https://doi.org/10.1126/science.1212596
https://doi.org/10.1111/1462-2920.12128
doi: 10.1016/j.tim.2013.07.005
doi: 10.1016/j.tim.2013.07.005
doi: 10.1098/rsif.2014.1288
doi: 10.1098/rsif.2014.1288
https://doi.org/10.1038/srep01643
https://doi.org/10.1080/01490450601134317
https://doi.org/10.1111/1758-2229.12652
https://doi.org/10.1038/s41598-017-17445-17444
https://doi.org/10.1038/s41598-017-17445-17444
https://doi.org/10.1016/S0065-2911(08)60121-6
https://doi.org/10.2436/20.1501.01.167
https://doi.org/10.2436/20.1501.01.167
https://doi.org/10.1111/j.1462-2920.2007.01389.x
https://doi.org/10.1111/j.1462-2920.2007.01389.x
https://doi.org/10.1007/s00338-008-0375-376
https://doi.org/10.1007/s00338-008-0375-376
https://doi.org/10.1071/mf09250
https://doi.org/10.1016/s0921-8009(99)00009-9
https://doi.org/10.1093/icb/icq061
https://doi.org/10.1126/science.280.5365.880
https://doi.org/10.1146/annurev.pp.19.060168.001323
https://doi.org/10.1002/ece3.3293
https://doi.org/10.1007/BF00249172
https://doi.org/10.3389/fmicb.2016.00082
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Teng et al.

MMPs in Coral Reef Habitats

Sandin, S. A., Smith, J. E.,, Demartini, E. E., Dinsdale, E. A., Donner, S. D,
Friedlander, A. M., et al. (2008). Baselines and degradation of coral reefs
in the Northern Line Islands. PLoS One 3:e1548. doi: 10.1371/journal.pone.
0001548

Schroeder, R. E., Green, A. L., Demartini, E. E., and Kenyon, J. C. (2008). Long-
term effects of a ship-grounding on coral reef fish assemblages at Rose Atoll,
American Samoa. Bull. Mar. Sci. 82, 345-364.

Schiibbe, S., Williams, T. J., Xie, G., Kiss, H. E., Brettin, T. S., Martinez, D.,
et al. (2009). Complete genome sequence of the chemolithoautotrophic marine
magnetotactic coccus strain MC-1. Appl. Environ. Microbiol. 75, 4835-4852.
doi: 10.1128/aem.02874-2878

Schiiler, D. (2002). The biomineralization of magnetosomes in Magnetospirillum
gryphiswaldense. Int. Microbiol. 5, 209-214. doi: 10.1007/s10123-002-0086-8

Schiiler, D., and Baeuerlein, E. (1996). Iron-limited growth and kinetics of iron
uptake in Magnetospirillum gryphiswaldense. Arch. Microbiol. 166, 301-307.
doi: 10.1007/5002030050387

Shashar, N., Cohen, Y., Loya, Y., and Sar, N. (1994). Nitrogen-fixation (acetylene-
reduction) in stony corals - evidence for coral-bacteria interactions. Mar. Ecol.
Prog. Ser. 111, 259-264. doi: 10.3354/meps111259

Simmons, S. L., and Edwards, K. J. (2007). Unexpected diversity in populations
of the many-celled magnetotactic prokaryote. Environ. Microbiol. 9, 206-215.
doi: 10.1111/§.1462-2920.2006.01129.x

Simmons, S. L., Sievert, S. M., Frankel, R. B., Bazylinski, D. A., and Edwards,
K. J. (2004). Spatiotemporal distribution of marine magnetotactic bacteria in a
seasonally stratified coastal salt pond. Appl. Environ. Microbiol. 70, 6230-6239.
doi: 10.1128/AEM.70.10.6230-6239.2004

Spalding, M. D., Ravilious, C., and Green, E. P. (2001). World Atlas of Coral Reefs.
Berkeley, CA: University of California Press.

Teng, Z., Zhang, W., Chen, Y., Pan, H., Xiao, T., and Wu, L. (2017).
Characterization of dominant giant rod-shaped magnetotactic bacteria from a
low tide zone of the China Sea. Chin. J. Oceanol. Limnol. 36, 783-794.

Tremblay, P., Weinbauer, M. G., Rottier, C., Guerardel, Y., Nozais, C., and
Ferrierpages, C. (2011). Mucus composition and bacterial communities
associated with the tissue and skeleton of three scleractinian corals maintained
under culture conditions. J. Mar. Biol. Assoc. U K. 91, 649-657. doi: 10.1017/
5002531541000130X

Waldbusser, G. G., and Salisbury, J. E. (2014). Ocean acidification in the coastal
zone from an organism’s perspective: multiple system parameters, frequency
domains, and habitats. Annu. Rev. Mar. Sci. 6, 221-247. doi: 10.1146/annurev-
marine-121211-172238

Wang, R., Tang, W., Song, Y., and Zhou, S. (2011). Analysis on quality status
and characteristic of soil environment in Xisha Islands. J. Anhui Agri. Sci. 39,
5837-5840.

Wenter, R., Wanner, G., Schuler, D., and Overmann, J. (2009). Ultrastructure,
tactic behaviour and potential for sulfate reduction of a novel multicellular

magnetotactic prokaryote from North Sea sediments. Environ. Microbiol. 11,
1493-1505. doi: 10.1111/§.1462-2920.2009.01877.x

Wild, C., Laforsch, C., and Huettel, M. (2006). Detection and enumeration of
microbial cells within highly porous calcareous reef sands. Mar. Freshw. Res.
57,415-420. doi: 10.1071/MF05205

Work, T. M., Aeby, G. S., and Maragos, J. E. (2008). Phase shift from a
coral to a corallimorph-dominated reef associated with a shipwreck
on Palmyra atoll. PLoS One 3:2989. doi: 10.1371/journal.pone.
0002989

Xu, X,, Zang, K., Huo, C,, Zheng, N., Zhao, H., Wang, J., et al. (2016). Aragonite
saturation state and dynamic mechanism in the southern Yellow Sea. China
Mar. Pollut. Bull. 109, 142-150. doi: 10.1016/j.marpolbul.2016.06.009

Ye, J. (1996). Environmental hydrologic features of the xisha archipelago. Acta Sci.
Nat. Univ. Sunyatseni 35, 15-21.

Zhang, R., Chen, Y. R,, Du, H. J., Zhang, W. Y., Pan, H. M,, Xiao, T, et al. (2014).
Characterization and phylogenetic identification of a species of spherical
multicellular magnetotactic prokaryotes that produces both magnetite and
greigite crystals. Res. Microbiol. 165, 481-489. doi: 10.1016/j.resmic.2014.07.012

Zhou, K., Pan, H., Zhang, S., Yue, H., Xiao, T., and Wu, L.-F. (2011). Occurrence
and microscopic analyses of multicellular magnetotactic prokaryotes from
coastal sediments in the Yellow Sea. Chin. J. Oceanol. Limnol. 29, 246-251.
doi: 10.1007/s00343-011-0032-38

Zhou, K., Zhang, W. Y., Pan, H. M,, Li, J. H,, Yue, H. D., Xiao, T., et al.
(2013). Adaptation of spherical multicellular magnetotactic prokaryotes to the
geochemically variable habitat of an intertidal zone. Environ. Microbiol. 15,
1595-1605. doi: 10.1111/1462-2920.12057

Zhou, K., Zhang, W. Y., Yu-Zhang, K., Pan, H. M., Zhang, S. D., Zhang, W. J.,
et al. (2012). A novel genus of multicellular magnetotactic prokaryotes from
the Yellow Sea. Environ. Microbiol. 14, 405-413. doi: 10.1111/j.1462-2920.2011.
02590.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer FA declared a past co-authorship with the authors to the handling
Editor.

Copyright © 2018 Teng, Zhang, Zhang, Pan, Xu, Huang, Xiao and Wu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

10

September 2018 | Volume 9 | Article 2135


doi: 10.1371/journal.pone.0001548
doi: 10.1371/journal.pone.0001548
https://doi.org/10.1128/aem.02874-2878
https://doi.org/10.1007/s10123-002-0086-8
https://doi.org/10.1007/s002030050387
https://doi.org/10.3354/meps111259
https://doi.org/10.1111/j.1462-2920.2006.01129.x
https://doi.org/10.1128/AEM.70.10.6230-6239.2004
https://doi.org/10.1017/S002531541000130X
https://doi.org/10.1017/S002531541000130X
https://doi.org/10.1146/annurev-marine-121211-172238
https://doi.org/10.1146/annurev-marine-121211-172238
https://doi.org/10.1111/j.1462-2920.2009.01877.x
https://doi.org/10.1071/MF05205
https://doi.org/10.1371/journal.pone.0002989
https://doi.org/10.1371/journal.pone.0002989
https://doi.org/10.1016/j.marpolbul.2016.06.009
https://doi.org/10.1016/j.resmic.2014.07.012
https://doi.org/10.1007/s00343-011-0032-38
https://doi.org/10.1111/1462-2920.12057
https://doi.org/10.1111/j.1462-2920.2011.02590.x
https://doi.org/10.1111/j.1462-2920.2011.02590.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Diversity and Characterization of Multicellular Magnetotactic Prokaryotes From Coral Reef Habitats of the Paracel Islands, South China Sea
	Introduction
	Materials and Methods
	Sediment Sampling and Enrichment of MMPs
	Optical and Electron Microscopy
	Physical and Chemical Characteristics of Sediments
	Phylogenetic Analysis

	Results
	Physical and Chemical Characteristics of Sediments
	Morphological Characterization of MMPs and Their Magnetosomes
	Phylogenetic Analysis

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


