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ABSTRACT Magnetotactic bacteria (MTB) represent a group of microorganisms that
are widespread in aquatic habitats and thrive at oxic-anoxic interfaces. They are able
to scavenge high concentrations of iron thanks to the biomineralization of magnetic
crystals in their unique organelles, the so-called magnetosome chains. Although
their biodiversity has been intensively studied, their ecology and impact on iron cy-
cling remain largely unexplored. Predation by protozoa was suggested as one of
the ecological processes that could be involved in the release of iron back into the
ecosystem. Magnetic protozoa were previously observed in aquatic environ-
ments, but their diversity and the fate of particulate iron during grazing are
poorly documented. In this study, we report the morphological and molecular
characterizations of a magnetically responsive MTB-grazing protozoan able to in-
gest high quantities of MTB. This protozoan is tentatively identified as Uronema
marinum, a ciliate known to be a predator of bacteria. Using light and electron
microscopy, we investigated in detail the vacuoles in which the lysis of phagocy-
tized prokaryotes occurs. We carried out high-resolution observations of aligned
magnetosome chains and ongoing dissolution of crystals. Particulate iron in the
ciliate represented approximately 0.01% of its total volume. We show the ubig-
uity of this interaction in other types of environments and describe different
grazing strategies. These data contribute to the mounting evidence that the in-
teractions between MTB and protozoa might play a significant role in iron turn-
over in microaerophilic habitats.

IMPORTANCE Identifying participants of each biogeochemical cycle is a prerequi-
site to our understanding of ecosystem functioning. Magnetotactic bacteria
(MTB) participate in iron cycling by concentrating large amounts of biomineral-
ized iron minerals in their cells, which impacts their chemical environment at, or
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ron is a micronutrient essential to the structure and function of several metallopro-

teins involved in a wide range of biochemical processes (oxygen transport, electron
transfer, or redox reactions) that are directly or indirectly linked in many metabolic
processes such as photosynthesis, diazotrophy, or respiration in anaerobic or aerobic
environments (1, 2). Because iron is tightly coupled to other major nutrients, its cycling
is a critical component of the global ecosystem functioning (3). The bioavailability of
iron depends on its solubility and concentration (3). In well-oxygenated environments
such as oceans, iron is mainly found in the +3 oxidation state, which is the most highly
insoluble iron species that generally precipitates into diverse particulate forms such as
oxides and carbonates. In less oxygenated environments, such as surface water sedi-
ments, iron is more reduced and soluble in a +2 oxidation state (4). Once dissolved, the
majority of iron(lll) or iron(ll) is kept bioavailable to eukaryotes and prokaryotes through
complexion with organic ligands (5). Identifying the main drivers of iron transformation,
mobilization, and redistribution is important to understand and influence ecosystem
functioning.

Under all natural conditions, microorganisms play a significant role in the transfor-
mations of iron, by the catalysis of iron reduction or oxidation, mineral dissolution,
precipitation, or mineralization (6-8). A group of microorganisms called magnetotactic
bacteria (MTB) has the singular ability to turn dissolved iron into particulates through
biologically controlled mineralization under microaerobic or anaerobic conditions (9,
10). MTB biomineralize intracellular ferrimagnetic crystals into vesicles formed from the
invagination of the periplasmic membrane (11, 12). Several of these singular structures,
called magnetosomes, form one or several chains giving a magnetic moment parallel
to the motility axis of the cell. Thanks to the coordination of the cell magnetic polarity,
flagellum rotation, and chemoaerotaxis, the magnetotaxis function allows MTB to align
and swim along magnetic field lines (9). Magnetosomes can be of different morphol-
ogies depending on the phylogenetic position and physiology of the bacterium, but
one species generally biomineralizes only one type of particle (10). MTB are commonly
found in aquatic habitats at the oxic-anoxic transition zone (OATZ), where they find
optimum redox conditions for growth. While their biodiversity is well characterized,
their function in this singular niche and their role in biogeochemical cycles have been
poorly studied. Because of their ability to store approximately 100- to 1,000-fold higher
iron concentrations than that of other microorganisms (13) and their significant con-
tribution to the total microbial biomass (14, 15), it has been assumed that MTB
contribute significantly to the biogeochemical cycle of iron with the potential to
generate >108 kg of magnetite on a global scale per year (13). The release of
biomineralized iron back to the microbial community depends on its dissolution once
bacteria die (16, 17). In the absence of chelators and/or favorable pH, temperature, and
light exposure, chemical dissolution of iron oxides is expected to be relatively modest
(18). Acidic solutions exposed to light and containing some organic metal chelators
favor in vitro chemical dissolution. For example, magnetite dissolution was observed at
pH 4.5 in 0.1 M NaClO,, at 25°C, but equilibrium was reached after only 20 days (19). Due
to a lack of experimental evidence, it is difficult to determine the extent to which local
natural environmental conditions are suitable for iron mineral dissolution and over
what time range.

Biological processes and catalysts are known to speed up several chemical reactions
and matter/energy turnover. Protozoan predation is an example of a biological process
that is known to regulate bacterial biomass, productivity, and community structure (20).
For iron turnover specifically, it has been shown that colloidal iron digestion by
protozoa could generate iron in a form that is bioavailable for other organisms,
including phytoplankton (21). Diverse protozoa, including flagellates, biflagellates,
dinoflagellates, and ciliates containing intracellular magnetosome-like particles, have
been reported from environmental samples (22 and references therein). The first
evidence was given by Torres de Araujo and colleagues (23) who observed the
magnetic response of a protozoan isolated from Fortaleza in Brazil containing numer-
ous bullet-shaped magnetosome chains. Despite the lack of further evidence and
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detailed ultrastructure characterization, it was speculated that this protozoan was
biomineralizing the magnetosomes and performing magnetotaxis like that in MTB (22,
23). Indeed, since the arrangement of magnetosomes appeared to be precisely struc-
tured in the eukaryotic cells, it was assumed that this organization could not occur after
grazing what would have to be significant numbers of MTB. Later, other magnetically
responsive eukaryotes were observed in samples collected in Salt Pond, a semianoxic
eutrophic marine basin in Woods Hole (MA, USA) (14, 24). Transmission electron
microscopic observations showed that the protozoan cells contained particles with
morphologies and dimensions identical to the those of the magnetosomes produced
by MTB (24), suggesting an accumulation within the protozoa after the consumption
and digestion of MTB. Grazing behavior was observed for some of these protozoa at the
same time they became magnetically responsive after magnetosome ingestion. How-
ever, neither the fates of the magnetosomes in the protozoa nor the identities of the
protozoa were further addressed in this study. Later, in vitro assays showed that
the ciliate Euplotes vannus was able to dissolve greigite particles after ingestion of the
multicellular magnetotactic bacterium “Candidatus Magnetoglobus multicellularis” (25),
thus providing supplementary information on the trophic links with MTB. This was
reported to occur in structures similar to protozoan food vacuoles, which are usually
acidic, suggesting grazing to be the mechanism involved in mineral dissolution within
the protozoan cell. Although useful, this laboratory experiment still requires validation
using natural communities and other magnetic minerals such as magnetite.

Here, we present new data to shed light on the trophic interaction between MTB
and their natural grazers. By using various approaches, including microscopy and
molecular techniques, we report a population of magnetic protozoa able to graze MTB.
We assess the ultrastructure of food vacuoles within the protozoan cells in which
ingested magnetite magnetosomes are stored and fully degraded. We further discuss
the implications such an interaction might have on the iron cycle and how this
protozoon might have evolved and diversified to deal with iron toxicity and predation.
We also propose some applications that could potentially be developed using eukary-
otic vesicles magnetized by MTB.

RESULTS

Magnetically responsive organisms in samples from the Calanque of Méjean.
All samples collected at the Calanque of Méjean, Marseille, France, contained ~103
cells/ml free-living MTB. These MTB were maintained in the samples for several months
without significant variation in abundance or morphotypes. The shapes of the MTB cells
and the shapes and organization of their magnetosomes, were similar to those of MTB
commonly observed in marine environments, such as those already described from the
Mediterranean Sea (26) (Fig. 1). At least eight different morphotypes of MTB were
observed, likely representing eight different species. The small magnetotactic cocci
biomineralizing two chains of elongated prismatic particles was the most abundant
morphotype observed using both light and electron microscopy (Fig. 1A; see also
Movie S1 in the supplemental material). Some magnetotactic cocci were quite large
with an average diameter of 3 um and biomineralizing a bundle of few cuboctahedral
magnetosome chains (Fig. 1B). Cocci biomineralizing one chain of cuboctahedral
magnetosomes were probably related to “Candidatus Magnetococcus massalia” (27), a
similar magnetotactic bacterium isolated from the Pointe Rouge Marina (28) located
near the Calanque of Méjean (Fig. 1C). Sequencing of the 16S rRNA gene of magnet-
ically purified cells allowed the identification of five different operational taxonomic
units (OTUs) that belong to the Magnetococcaceae family with 90 to 93% identity with
Magnetococcus marinus strain MC-1 (29) and 93 to 99% identity with uncultured
magnetotactic cocci (GenBank accession numbers KY569289 to KY569293). One 16S
rRNA gene sequence obtained after magnetic purification had a 97% identity to the
magnetotactic multicellular prokaryote (MMP) “Ca. Magnetoglobus multicellularis” (30)
(accession number KY569294). Multicellular-like organisms were also observed by
microscopy in the samples collected in the Calanque of Méjean (Fig. 1D). Their motility
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FIG 1 Transmission electron micrographs of magnetotactic bacteria isolated from the same sampling bottle collected from the Mediterranean Sea at the
Calanque of Méjean near Marseille, France. At least 8 morphotypes were observed, including magnetotactic cocci of a different size that biomineralize one, two,
or a cluster of chains of octahedral or elongated prismatic magnetosomes (A to C), a magnetotactic multicellular prokaryote that biomineralizes bullet-shaped
magnetosomes (D), curved rods that biomineralize bullet-shaped magnetosomes (E and F), and spirilla or vibrios that biomineralize elongated prismatic
magnetosomes (G and H). Note that only magnetite-type magnetosomes were observed. No MTB with magnetosomes resembling greigite were observed in

this sample.

and ultrastructure were consistent with those of “Ca. Magnetoglobus multicellularis,”
although their bullet-shaped crystals are more likely to be made of magnetite (31),
which differ from those of “Ca. Magnetoglobus multicellularis,” which is known to
produce greigite only. Different types of rods, vibrios, and spirilla biomineralizing
cuboctahedral elongated prismatic or bullet-shaped magnetosomes were also ob-
served to a lesser extent among the different MTB in samples collected from Calanque
of Méjean (Fig. 1E to H).

One year after sampling, in addition to these morphologically diverse MTB, larger
cells were also observed at the edge of a hanging drop harvested from the same
samples from the Calanque of Méjean after 3 h of magnetic concentration (Fig. 2).
Although the concentration of these large magnetic cells was much lower than that of
MTB, it was sufficiently high in one sampling bottle to enable further characterization
and identification. The dimensions of these organisms as well as their organelle-like
structures (e.g., cilia) observed under the light microscope indicated that they were
unicellular eukaryotes rather than prokaryotes (Fig. 2D). They were observed either
stuck at the edge of the hanging drop where MTB were magnetically attracted (north
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FIG 2 Light, confocal, and transmission electron microscopy of magnetically concentrated bacteria and protozoa. (A and B) Differential
interference contrast microscopy images of the edge of a drop where magnetically responsive cells aggregate due to the presence of a
magnet (in panel A, the dark precipitate is mostly composed of MTB with the coccoid cells being the most abundant). (C) TEM image of
the edge of a drop (right side of the panel) where magnetically responsive cells aggregate due to the presence of a magnet. A magnetic
protozoan can be seen on the left side of the panel. (D) Confocal microscopy image of a magnetic protozoan showing the numerous cilia
surrounding the cell body as well as the presence of an elongated caudal cilium. In panels A to C, black arrows indicate the north direction
of the artificial magnetic field generated close to the edge of the drop.

seeking) or moving along the edge of the drop. Occasionally, some eukaryotic cells
were seen disturbing the MTB aggregated at the edge of the drop, using the cilia that
cover their entire body (Fig. 2B and D). Such behavior could be considered part of the
process of predation, and the eukaryotic cells were consequently shown to be a
bacterivorous scuticociliate that graze on MTB (Movie S1).

At first glance, these protozoa seemed to have the same magnetic behavior as the
MTB, that is, they migrate along magnetic field lines and respond to a reversal of
the magnetic field by rotating 180° and continuing to swim in the same direction
relative to the direction of the magnetic field. Evidence for a permanent magnetic
dipole moment was also obtained by observing that nonswimming cells in suspen-
sion reoriented in response to a reversal of the local magnetic field. This effect is also
typical of nonmotile (e.g., dead) MTB in suspension. On the basis of the sizes of these
magnetic eukaryotic cells and their fast response to the inversion of a magnetic field,
it is likely that they contained a significant amount of magnetic particles.

Identification of the magnetically responsive protozoan. Morphological features
observed under confocal microscopy indicate that the magnetic eukaryote cells are
scuticociliates. The body shape is elongated with a rounded posterior and a pointed
anterior end and has an average length of 22.3 = 1.5 um and an average width of
143 = 2.2 wm in vivo (Fig. 2D). Although it was difficult to observe the thickness of
these organisms, they appear to be slightly dorsoventrally flattened approximately 2:1,
with a thickness estimated at 5 to 10 wm on the basis of light microscopic observations.
It has a prolonged caudal cilium, approximately 20 wm in length (Fig. 2D). Other
somatic cilia are mostly approximately 10 wm long. Locomotion is highly characteristic
when observed under the light microscope without an artificial magnetic field, often
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FIG 3 TEM bright-field images of magnetic protozoa disaggregated on a copper carbon-coated grid showing the presence of up to 50 vacuoles/cell.

stationary with all cilia stiffly spread, and then crawling with a rather smooth, some-
times helical, motion. The cytoplasm is colorless and packed with various numbers
of vacuoles that are usually dark in color (Fig. 2D; see also Movies S2, S3, and S4). An
average of 32 dark vacuoles per cell was counted, but some larger cells could contain
up to 50 vacuoles (Fig. 3). More elaborate techniques are required for a detailed
characterization of the ciliate morphology, including silver staining, which is beyond
the scope of this paper.

The entire sequence of the 185 rRNA gene of the magnetic ciliates was obtained
from magnetically concentrated and purified cells used for transmission electron
microscopy (TEM) observations. The sequences of seven clones were identical to each
other. The 18S rRNA gene sequence of the magnetic ciliate, designated clone Mj1
(GenBank accession number KY569295) showed 99.9% and 99.8% identities with that of
Parauronema virginianum (AY392128) and Uronema marinum (GQ465466), respectively.
A phylogenetic analysis based on the 18S rRNA gene confirmed its affiliation to the
scuticociliate family Uronematidae in the order Philasterida (Fig. 4). The interspecific
distance was smaller than 2%, indicating that members of the Entodiscus, Parauronema,
and/or Uronema clade were probably misidentified and that a taxonomic reassessment
is required (32). Since Uronema marinum was the first described genus and species of
this clade (e.g., see reference 33), we use the name U. marinum in the following to
describe the ciliate-grazing MTB from the Calanque of Méjean. Thus, on the basis of all
morphological and molecular criteria, it is likely that clone Mj1 belongs to the species
U. marinum.

Origin of the magnetic response of Uronema marinum Mj1. Scanning TEM-X-ray
energy-dispersive spectroscopy (STEM-XEDS) elemental mapping indicated the pres-
ence of iron in the vacuoles of the magnetic ciliate U. marinum Mj1 (Fig. 5). These
vacuoles also contained sulfur- and phosphorus-rich granules. Interestingly, the iron
was not homogeneously distributed in the vacuoles but rather localized in chains that
appear to be parallel one to another. This chain organization resembles that usually
observed in MTB. Globules rich in S and P (in general, polyphosphates) are also
common features observed in MTB (10).

The food vacuoles have an average diameter of 2.9 = 0.4 um. Their thickness may
be quite problematic for conventional bright-field TEM observations at high magnifi-
cation, since they are too dense for the electron beam to penetrate, so they appear very
dark, making it difficult to observe their contents. However, either by adjusting the
contrast of the images (Fig. 6A to D) or by using the STEM-high-angle annular dark field
(HAADF) imaging mode (Fig. 6E to G), the content of the vacuole contents could be
observed. Magnetosome-like particles were visualized in these vacuoles. Their origin
was most likely from MTB grazed by the ciliate. Indeed, U. marinum is well known to be
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Uronema marinum GQ465466
Parauronema virginianum JN885082
Parauronema virginianum FJ595488
Magnetic Uronema marinum Mj1 KY569295
Uronema marinum GQ259749
Entodiscus borealis AY541687
Parauronema virginianum JN885087
Uronema marinum AY551905
Uronema marinum GQ259745
Uronema marinum DQB867072
Uronema elegans AY 103190
Uronema heteromarinum FJ870100
Paranophrys magna JQ956548
Metanophrys sinensis isolate HM236336
Plagiopyliella pacifica AY 541685
Thyrophylax vorax AY541686
Entorhipidium tenue AY541688
P

arauronema longum AY212807
PHILASTERIDA

0.05

5 Uronemella parafilificum HM236337
Uronemella filificum EF486866
Paranophrys marina FJ858379
Cohnilembus verminus HM236339
Porpostoma notata HM236335

— Philasterides armatalis FJ848877

Schizocaryum dogieli AF527756
Pseudocohnilembus hargisi AY833087
Pseudocohnilembus longisetus FJ899594

Pseudocohnifembus persalinus AY835669
Mesanophrys carcini AY103189
Paralembus digitiformis JQ956549
Homalogastra setosa EF158847
Metanophrys similis AY314803
Glauconema trihymene GQ214552
Miamiensis avidus JN885091
Anophyroides haemophila U51554
Myxophyllum magnum JQ956547
Philasterides dicentrarchi JX914665

| PLEURONEMATIDA

Paratetrahymena wassi GQ292767

Cinetochilum ovale FJ870103 LOXOGERHAEIDA

Paramecium tetraurelia AB252008

FIG 4 Maximum likelihood (ML) tree based on the 18S rRNA gene sequences of 55 ciliates showing the
phylogenetic position of the magnetic ciliate Uronema marinum strain Mj1 within the subclass Scuticociliatia. The
tree was inferred by estimating a GTRGAMMAI model to describe nucleotide evolution with RAXML 8.2.6 (68) and
rooted with Paramecium tetraurelia strain 51. GenBank accession numbers are given next to strain names. The
tree was drawn to scale, and branch lengths represent the number of base substitutions per site. A total of
599 bootstrap replicates automatically determined by the MRE-based bootstopping criterion were conducted
under the rapid bootstrapping algorithm to test robustness of the nodes, among which 100 were sampled to
generate proportional support values. Nodes annotated with gray circles are supported by bootstrap values

higher than 70%.

a bacterivore that feeds voraciously on bacteria associated with decaying organic
matter (34). Moreover, most organisms that biomineralize magnetosomes are able to
produce only one type of particle, whereas the magnetosomes found in the food
vacuoles of U. marinum Mj1 comprise a variety of different morphologies (e.g., cuboc-
tahedral, elongate prismatic, or bullet shaped) (Fig. 6H). Interestingly, magnetosomes
were intact and still aligned in chains, with some showing evidence of ongoing
degradation. Moreover, the majority of magnetosome chains within the same vacuole
were aligned in parallel to each other. This suggests that an actin-like filament persists
in the vacuoles even if most of the magnetotactic cells were already lysed in the
vacuoles. The magnetosomes and the sulfur and polyphosphate globules are probably
the most recalcitrant prokaryotic structures to be digested in the ciliate and are the
bacterial components that remain the longest in the vacuoles before degradation.
The cell membrane of U. marinum MJ1 appears to be quite fragile. Indeed, when
adsorbed on the carbon film of the TEM grid, most of the cells disaggregate (Fig. 3 and
5), and the dark vacuoles spread. Thus, from the TEM pictures, it is difficult to know if
all the magnetosome chains from the different vacuoles were in the same orientation
when the cell was still alive. However, when the vacuoles from the same ciliate cell
remained closely adjacent on the TEM grid (Fig. 6A), the majority of magnetosome
chains from the different vacuoles appears to be aligned in the same direction, i.e.,,
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Blue: Carbon
Red: Sulfur

FIG 5 Assembled TEM bright-field images of a magnetic protozoan adsorbed on a carbon-coated grid (A) and STEM-XEDS
elemental maps of carbon, sulfur, iron and phosphorus, showing a large amount of iron in the vacuoles as well as the presence
of sulfur- and phosphate-rich granules (B to F).

along the long axis of the cell. This would explain the fact that U. marinum Mj1 is very
responsive to the inversion of the magnetic field.

On average, 446 * 94 mature magnetosomes of different morphologies per vacuole
were present. On the basis of the average number of vacuoles per protozoan (i.e., 32),
there were approximately 14,272 magnetosomes on average in a single ciliate cell,
reaching a maximum of 22,300. If we suppose that each MTB has an average of 10
magnetosomes, at least 1.4 X 103 MTB on average must have been grazed by each
individual ciliate. Further investigations would be necessary to determine the ingestion
rate over time. Extrapolating the shape of the ciliate cells to an ellipsoid and that of the
vacuoles and magnetosomes to spheres of 2.5 um and 50 nm in diameter, respectively,
we estimate that the vacuoles and magnetosomes represent approximately 6% and
0.01%, respectively, of the volume of the ciliate cell.

Magnetosome dissolution by the magnetic protozoa. High-resolution TEM (HR-
TEM) and energy-dispersive X-ray spectroscopy analyses were performed in food
vacuoles that had burst. Indeed, due to the adsorption of the ciliate cells onto the
carbon film of the TEM grid, some vacuoles had lost their integrity and released their
contents, facilitating the observation of the particles present (see Fig. 8A). Note that the
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FIG 6 Conventional TEM bright-field (A to D and H) and STEM-HAADF (E to G) images of the dark vacuoles
found in Uronema marinum Mj1 showing the presence of numerous morphologically diverse linearly
aligned magnetosome-like particles. Arrows in panel H point to examples of integral (black arrows) and
partially dissolved (white arrows) magnetosomes.

magnetosome alignment in individual chains was conserved in disrupted vacuoles
while the parallel alignment of chains was not.

Although most magnetosome chains and magnetosomes appeared very similar to
those observed in MTB (Fig. 1), some magnetosomes had suffered partial dissolution
(Fig. 6H). Interestingly, the dissolution process seems to depend on the morphology
type of magnetosomes (Fig. 7). Indeed, cuboctahedral particles appear to be prefer-
entially dissolved from specific faces (possibly [110] ones) (Fig. 7A, B, and C), while the
dissolution of bullet-shaped particles was always observed at the flattened end and
then digested toward the pointed end (Fig. 7D).
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FIG 7 High-resolution transmission electron micrographs of cuboctahedral (A to C) and bullet-shaped (D)
magnetite magnetosomes in a food vacuole of U. marinum Mj1 showing structural defects due to partial
dissolution. For each crystal, main crystallographic directions are indicated.

In the vicinity of the magnetosome chains, some mineral phases that were less
electron dense than the magnetosomes were observed (Fig. 8). An elemental analysis
indicates that these amorphous structures are mainly composed of Fe, O, P, Mg, and Ca
and represent the remains of dissolved magnetosomes (Fig. 8A and B), while selected
area (electron) diffraction (SAED) patterns indicate that these particles are consistent
with iron phosphate (Fig. 8D). While iron and part of the oxygen originate from
magnetite (Fe;0,) of dissolved magnetosomes, the phosphorus, magnesium, calcium,
and oxygen most probably originate from polyphosphate granules of ingested mag-
netotactic bacteria (Fig. 5).

Evidence for the ubiquity of magnetically responsive MTB grazers. Given the
successful observation of a magnetically responsive ciliate in a sample from the
Calanque of Méjean, it was hypothesized that increasing the magnetic concentration
time might reveal a greater diversity of such MTB grazers in other environments. To test
this hypothesis, we collected sediment and water samples from a freshwater lake (Lake
Pavin, Auvergne, France), another site in the Mediterranean Sea (Pointe Rouge marina,
Marseille, France), and other locations at the Calanque of Méjean and screened these
for magnetically responsive protozoa by applying the same protocol. After at least 3 h
of magnetic concentration, we could observe in most samples diverse protozoan
assemblages with different cell morphologies and sizes that stored magnetosomes
differently (examples are shown in Fig. S1 to S3). Not all protozoa had the ability to
sequester the magnetosomes in vacuoles as observed for Uronema marinum Mj1. For
instance, an unidentified freshwater protozoan seemed to keep the magnetosomes in
chains homogeneously distributed in the cell body (Fig. STA and B), similar to certain
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FIG 8 Analysis of less electron dense particles observed in the food vacuoles of Uronema marinum Mj1.
STEM-HAADF (A) and corresponding STEM-XEDS elemental mapping (B). Magnetite magnetosomes
appear with a bright contrast in panel A and as green areas in panel B, whereas iron phosphate phases
are related to gray particles in panel A and bright particles in panel B. (C) TEM bright-field image
revealing magnetosomes surrounded by less dense electron particles. (D, 1 to 3) SAED patterns related
to areas labeled in panel C. These SAED patterns are consistent with a [010] zone axis diffraction pattern
of FePO,-H,0O phase (D4; SAED calculated using crystallographic data from reference 69).

unidentified weakly magnetic biflagellates collected at the Calanque of Méjean having
few magnetosome particles (Fig. S2).

In samples from the Pointe Rouge marina, light microscope and TEM observations
indicated the presence of two magnetic ciliates (Fig. 9A; see also Fig. S3A and B). One
was morphologically similar to U. marinum Mj1 and could be related to the Uronema
genus (Fig. S3C). Interestingly, in this ciliate, magnetosome chains were not always
stored in vacuoles and were not aligned with each other (Fig. S3C and D). However,
MTB grazing was supported by the fact that the ciliate contained three types of
particles, elongate prismatic, cuboctahedral, and bullet shaped, which corresponded
to the magnetosome diversity that could be observed in free-living MTB communities
of this sample (Fig. S3D to F). The second magnetic ciliate from the Pointe Rouge
marina had a very different shape and would be most likely a pleurostomatid (class
Litostomatea) on the basis of its morphology in vivo: the cell body is slightly contractile,
with the posterior and anterior ends bluntly pointed. Interestingly, the diversity of
magnetosomes ingested supported the idea the grazing behavior of this magnetic
protozoan specifically was more selective. Indeed, only elongated prismatic magneto-
somes were observed in the cytoplasm of this protozoan, while MTB communities
formed very diverse types of magnetite crystals (Fig. 9B to E; see also Fig. S3E and F).
Moreover, the magnetosomes seemed to have accumulated in the anterior pointed end
of the cell and formed long chains in this specific location (Fig. 9B to E). The MTB that
produce elongated prismatic magnetosomes are cocci with a diameter of 1 to 2 um; it
is possible that this type of protozoan can only graze bacteria with such size. It is also
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FIG 9 (A) Transmission electron microscopic (TEM) images of the edge of the drop of a magnetically
concentrated sample from Pointe Rouge marina, Marseille, showing two types of MTB-grazing protozoa.
The sizes of these organisms are typical of eukaryotic cells with a length of 38 wm and a width of 11.4 um
for the cell on the left side of the panel and a length of 22.4 um and a width of 12.2 um for the cell on
the right side of the panel. (B to E) TEM images of the anterior pointed end of the protozoan morpholog-
ically related to the pleurostomatid that grazes only one type of MTB, i.e, magnetotactic cocci with
elongated prismatic particles.

possible that these magnetotactic cocci have a different chemical composition that
makes them more attractive to this protozoan. Interestingly, pleurostomatids are
known to be carnivorous, feeding on flagellates and other ciliates (35). If this organism
is a pleurostomatid, then it has likely acquired the MTB by ingesting eukaryotic prey
(flagellates or ciliates) containing MTB.

DISCUSSION

Since the discovery of MTB, few studies have addressed the fate of iron once
biomineralized in magnetosomes in environmental conditions. Yet, determining the
processes involved in iron turnover is critical to understand ecosystem functioning.
Grazing has been proposed as one of the processes that could recycle particulate iron
back to the communities through dissolution (20). In this study, we brought new
insights into MTB grazing by reporting natural populations of magnetically responsive
ciliates that internalize significant amounts of magnetosomes in specific intracellular
compartments, within which we found evidence of their dissolution. We showed that
diverse protozoa can graze MTB in both freshwater and marine environments and that
this trophic interaction might be common in aquatic habitats with a redox gradient.
One sample collected from the Mediterranean Sea at the Calanque of Méjean near
Marseille, France, had a sufficient concentration of an MTB-grazing ciliate, nominally
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identified as Uronema marinum, to enable the characterization of magnetosome diges-
tion within its food vacuoles.

Uronema marinum is a cosmopolitan marine ciliate. Representative strains of this
species are facultative parasites and one of the main causative agents of outbreaks of
scuticociliatosis in aquaculture fish. The cultivation of U. marinum is possible using
bacteria (e.g., Vibrio sp.) as a food source (36) or using more complex growth media
(37). Using a transformed fluorescent Vibrio strain, it was shown that U. marinum, along
with other ciliates, is able to ingest up to 10° bacteria - ciliate™" - h=" (38). Ingestion
rates of the marine ciliates are higher with surface-associated prey than with bacteria
in suspension. Thus, it is not surprising that MTB can be predated by bacterivorous
ciliates, especially at the oxic-anoxic transition zone where bacteria are attached to the
sediment or on the glass walls of sampling bottles during magnetic enrichment. MTB
have the advantage of being traceable after ingestion by a protozoan predator due to
the magnetosomes that remain intact for a long period after ingestion before their
gradual dissolution. Here, in situ observation of ongoing dissolution was possible
because sufficient intact magnetosomes were present to enable the magnetic con-
centration of MTB grazers. The high number of magnetosomes, MTB cells, and food
vacuoles in a single ciliate cell (i.e., 446 = 94 magnetosomes per vacuole and up to 50
vacuoles per cell), suggests that MTB grazers such as U. marinum may play an important
role in iron cycling. Our observations suggest that total magnetosome dissolution is
achieved during the life cycle of the ciliate, but it was very difficult to observe this
directly, since cells should become magnetically unresponsive as the magnetosomes
dissolve. Quantification of such grazers coupled to their cultivation would be required
to estimate the impact of this trophic interaction on the iron cycle and to determine the
selection pressure exerted by predation on MTB populations and diversification.

In this study, various morphotypes of magnetosomes were observed in the food
vacuoles of magnetic U. marinum Mj1, suggesting that the ciliate did not select the type
of MTB grazed. However, in another sample at the Pointe Rouge marina, we found
evidence for another protozoan species selecting one type of MTB. This suggests that
protozoa could be more or less specialized while grazing MTB and nonmagnetotactic
bacteria. This opens questions regarding the evolutionary mechanisms that led to the
evolution of each partner; did they coevolve to become dependent on each other or is
MTB grazing simply opportunistic, provoked by the fact both organisms share the same
niche? Some strains of U. marinum have been described as microaerobic ciliates with
the potential to be facultative anaerobes (39). Since Uronema is often present in the
same biotopes as MTB (i.e., the oxic-anoxic interface in aquatic habitats), it is likely that
it has adapted and developed strategies to deal with the high concentration of iron that
accumulates in their cells while grazing MTB. It is also possible that MTB grazers have
evolved to specifically ingest MTB in order to become magnetic.

MTB grazers could benefit from their passive orientation with the magnetic field
lines in order to locate regions of low oxygen concentration, as demonstrated for MTB
(40). Indeed, some protozoa have been described to use specific mechanisms such as
aerotaxis to find their optimal oxygen concentration (41). The fact that the magneto-
some chains within the food vacuoles of U. marinum Mj1 remain intact (Fig. 6 and 9)
could be a specific adaptation to have the best magnetic dipole moment to optimize
the magnetic response. Indeed, in MTB, the total magnetic dipole moment of the cell
is the algebraic sum of the moments of the individual crystals in the chain (42).
Although, the magnetosome chains present in the food vacuoles of U. marinum M;j1
were smaller than those biomineralized in MTB, it is likely that neither the MamK
filament nor the magnetosome membrane were totally lysed. Indeed, in some culti-
vated magnetotactic species, both the MamK filament and the magnetosome mem-
brane are necessary to keep the magnetosomes aligned in the chain (43). It is inter-
esting to question whether U. marinum Mj1 has developed a specific mechanism to
keep the magnetosomes aligned in the food vacuoles or if the magnetic field keeps the
magnetosome chains aligned in the same direction. The fact that the magnetic cells of
U. marinum Mj1 change direction when the polarity of the magnetic field is switched
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indicates that the magnetosome chains are fixed in position within the food vacuoles.
Moreover, the food vacuoles do not seem to rotate within the cells when the local
magnetic field is rotated. Thus, the magnetosome chains in the ciliate stay aligned
within ingested MTB cells until these cells are digested or a specific mechanism has
been developed by the ciliate to keep the magnetosome chains aligned in the same
direction once MTB have been digested.

Importantly, the internalization of MTB and their magnetosome chains appears to
vary depending on the protozoa that graze them. Here, we evidenced at least three
strategies observed in three morphologically diverse protozoa: (i) the internalization of
magnetosomes that remain aligned in food vacuoles by U. marinum Mj1, (ii) the
accumulation of one type of selected elongated prismatic magnetosomes in the
anterior pointed end of an unidentified ciliate, and (iii) the apparently random storage
of magnetosome chains in the cell of a biflagellate. The latter strategy was already
described in a dinoflagellate isolated from a seasonally, chemically stratified coastal salt
pond in Massachusetts, USA (24). The extruded magnetic inclusions, previously de-
scribed for a biflagellate (24), could potentially represent another strategy where the
magnetosomes are stored in vacuoles resembling those observed in U. marinum Mj1
and then be expelled from the protozoan cell body, avoiding the need to dissolve the
magnetic particles. Previous studies showed the mechanism by which ciliates eject
undigested material in their food vacuoles via the cytoproct (44). In this study, such
excretions outside magnetic U. marinum Mj1 cells were never observed. The internal-
ization of hundreds of magnetosomes in single vacuoles may prevent the toxic effects
of high iron content, such as in MTB, with the magnetosome membrane surrounding
the magnetic particles (12, 45), but questions remain on how protozoa deal with the
iron toxicity as the magnetosomes progressively dissolve. This question is even more
complex knowing that some protozoa did not internalize MTB in vacuoles. Since we
could observe magnetic particles with different degrees of degradation until amor-
phous phases, we can deduce that magnetosomes are totally dissolved within the food
vacuoles of U. marinum Mj1. Interestingly, this process appeared to be directed toward
specific regions of the crystal depending on the morphology of the particle. This
observation is particularly intriguing, since it suggests that the ferromagnetic crystal
shape has an impact on dissolution kinetics. It is possible that each type of magneto-
some coexists with different ligands, promoting various levels of protonation, compl-
exation, or reduction mechanisms involved in dissolution, as previously suggested (46).
The remaining questions concern the mechanisms involved in the release of the
dissolved iron and how the cells deal with iron toxicity. Ciliates are known to defecate
undigested material via their cytoproct (44). Thus, after the magnetosomes are de-
graded and lysed, it is likely that the bioavailable colloidal iron is expelled from the cell
via the cytoproct. However, further experimentation is needed to verify this.

Naturally magnetically responsive protozoa have previously been described in the
water column of the seasonally stratified Salt Pond, MA, USA (14, 24). In addition, a
cultivated strain of Euplotes vannus has been shown to ingest the multicellular mag-
netotactic prokaryote and greigite-producing “Ca. Magnetoglobus multicellularis” (25)
and to partially dissolve magnetic particles. Here, we revealed that the diversity of
protozoa able to become magnetic by grazing MTB is greater than previously realized,
in freshwater sediments and in marine sediments. Thus, there is mounting evidence
that magnetic protozoa have been overlooked, although they may be widespread in
chemically stratified aquatic ecosystems. The systematic magnetic concentration of
samples over a period of several hours might enable the characterization and isolation
of new types of MTB grazers that contribute to the recycling of iron present in the
magnetosomes of MTB.

Magnetite-producing MTB and their magnetic inclusions have been used in a variety
of scientific, commercial, and environmental applications (47-50). Moreover, MTB are
inspiring the field of synthetic biology with the transformation of nonmagnetic organ-
isms into magnetic ones using biogenic magnetization approaches (51, 52). With the
discovery of MTB-grazing protozoa, we can envision a synthetic magnetization with
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the cocultivation of MTB with heterotrophic protozoa. This could be very useful for the
sequestration of magnetosomes and their concentration into individual eukaryotic cells
and might significantly improve some medical applications (e.g., drug delivery) that
have been so far developed using cultured MTB (53-55). Heterotrophic bacteriovorus
U. marinum and related species have been cultivated for years and are available in
culture collections (36, 37). Thus, such improvements can be relatively simple to test.
Ciliates and other unicellular eukaryotes have developed unique motility apparatus
from a simple flagellum to more complex rows of cilia (56). Making such organisms
magnetic will enable the ease of manipulation in microfluidics chambers and facilitate
the characterization of their movement and motility apparatus, such as has been
achieved with magnetically controlled magnetotactic cells (57, 58). Finally, deter-
mining the mechanisms of intracellular biodegradation of iron oxide nanoparticles
is of high interest in public health, particularly in regenerative medicine, where the
fate of nanoparticles present within engineered tissue is a critical issue (59). The use
of MTB grazers as models could provide critical information on the degradation of
magnetite particles that resemble iron oxide particles generally used in medical
applications.

MATERIALS AND METHODS

Sample collection, isolation, and observation of magnetic and magnetotactic organisms.
Samples were collected in September 2015 by freediving in the Mediterranean Sea, at the Calanque of
Méjean near Marseille, France (43.330875°N, 5.218548°E). One-liter plastic bottles were filled to approx-
imately 0.2 to 0.3 of their maximum volume with sediment, and then filled to their capacity with water
that overlaid the sediment. Air bubbles were excluded. Once in the laboratory, samples were stored
under dim light at room temperature (~25°C). This confinement creates an oxygen gradient at equilib-
rium allowing the microbial communities to be maintained while selecting for some populations that are
enriched. Magnetotactic populations were observed the day of their collection, and were checked 1 year
later to see if any new magnetotactic organisms could have been enriched. For each observation,
magnetotactic cells were magnetically concentrated by placing the south pole of a magnetic stirring
bar next to sample bottles at the sediment-water interface for 3 h and then further purified using
the capillary magnetic racetrack technique (60). The examination of concentrated magnetotactic
cells was carried out using the hanging drop technique (61) under a Leica LMD6000 and a Zeiss
Primo Star light microscope equipped with phase-contrast and differential interference contrast
(DIC) optics. The local magnetic field used to determine magnetotaxis was reversed by rotating a
stirring bar magnet 180° on the microscope stage.

Morphological characterization of magnetic protozoa. Morphological features of protozoa were
determined with a confocal microscope. A z-stack of 18 to 59 images was captured at focal planes with
a step distance of 0.4 um using a Zeiss LSM780 confocal microscope equipped with a Plan-Apochromat
63X/1.40 oil DIC M27 objective.

Transmission electron microscopy (TEM) was used to give new insights into the ultrastructure of
these organisms. The magnetic protozoan ultrastructure could partially be observed thanks to an
improved technique to fix magnetic cells on a TEM carbon-coated grid. This technique consists of
pipetting 2 ul of liquid from the edge of the hanging drop where magnetic cells aggregated and slowly
depositing these cells onto the TEM grid to have one edge of this small drop in the middle of the grid.
Then, the magnetic cells were magnetically attracted to this edge over a 10-min period. Once the drop
started to dry, the grid was washed with filtered deionized water. This technique facilitates the
observation and enables optimal adsorption of the magnetic cells onto the carbon film.

Electron micrographs were recorded with a Tecnai G2 BioTWIN transmission electron microscope (FEI
Company) at a 100-kV acceleration voltage. High-resolution transmission microscopy (HRTEM), z-contrast
imaging in the high-angle annular dark field (STEM-HAADF) mode, and X-ray energy-dispersive spec-
troscopy (XEDS) elemental mapping in the STEM-XEDS mode were carried out on a JEOL 2100F
microscope. This machine, operating at 200 kV, is equipped with a Schottky emission gun, an ultrahigh-
resolution pole piece, and an ultrathin window JEOL XEDS detector. HRTEM images were obtained with
a Gatan US4000 charge-coupled-device (CCD) camera.

Magnetosomes present in protozoan cells were enumerated from TEM images using ImagelJ software
(1.48 v).

Cloning and sequencing of the 18S and 16S rRNA genes of magnetically purified cells. The 185
and 16S rRNA genes were used to identify magnetically concentrated MTB-grazing protozoa and
free-living MTB, respectively. Genomic DNA was extracted using the NucleoSpin soil extraction kit
(Macherey-Nagel). DNA was amplified using the Phusion hot start Flex DNA polymerase according to the
manufacturer’'s recommendations. For eukaryotes, specific 185 rRNA gene primers EukA (5'-AACCTGGT
TGATCCTGCCAGT-3’) and EukB (5'-TGATCCTTCTGCAGGTTCACCTAC-3') (62) were used. For bacteria, the
primers 27F (5'-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5'-TACGGHTACCTTGTTACGACTT-3') (63)
were used. Blunt-end fragments of 16S and 18S rRNA gene sequences were cloned using a Zero Blunt
TOPO PCR Cloning kit with One Shot TOP10 chemically competent Escherichia coli cells. The inserts of
resulting clones were digested using restriction enzymes to select operational taxonomic units (OTUs)
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representative of the populations and were sent for sequencing and compared to the NCBI nucleotide
database with the Basic Local Alignment Search Tool. For the eukaryote, this first step enabled its
taxonomic assignment to the ciliate subclass Scuticociliatia (phylum Ciliophora, class Oligohymenopho-
rea) pending further phylogenetic investigation.
Phylogenetics and identification of the purified ciliates. A phylogenetic tree was built to infer the
evolutionary relationships between the magnetic ciliate and representative scuticociliate species. The
contiguous 18S rRNA gene sequence of the ciliate was aligned with 54 selected and published sequences
(64-66) using MUSCLE (67). The hymenostome Paramecium tetraurelia was selected as the outgroup. The
alignment resulted in 1,788 bp, among which, position 717 was polymorphic once all ambiguous
positions were removed. A maximum likelihood (ML) tree was built with RAXML 8.2.6 (68) under the
GAMMAI model of rate heterogeneity using empirical nucleotide frequencies and the GTR nucleotide
substitution model. A total of 599 bootstrap replicates automatically determined by the magnitude of
relative error (MRE)-based bootstopping criterion were conducted under the rapid bootstrapping
algorithm, among which 100 were sampled to generate proportional support values.

Accession number(s). The 165 rRNA gene sequences of MTB isolated from environmental samples

were deposited in GenBank under accession numbers KY569289 to KY569294.
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