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a b s t r a c t
Cnidarian–dinoﬂagellate photosynthetic symbioses are fundamental to biologically diverse and productive coral reef ecosystems. The hallmark of this symbiotic relationship is the ability of dinoﬂagellate
symbionts to supply their cnidarian host with a wide range of nutrients. Many aspects of this association nevertheless remain poorly characterized, including the exact identity of the transferred metabolic
compounds, the mechanisms that control their exchange across the host–symbiont interface, and the precise subcellular fate of the translocated materials in cnidarian tissues. This lack of knowledge is mainly
attributed to difﬁculties in investigating such metabolic interactions both in situ, i.e. on intact symbiotic associations, and at high spatial resolution. To address these issues, we illustrate the application
of two in situ and high spatial resolution molecular and ion imaging techniques–matrix-assisted laser
desorption ionization mass spectrometry imaging (MALDI-MSI) and the nano-scale secondary-ion mass
spectrometry (NanoSIMS) ion microprobe. These imaging techniques provide important new opportunities for the detailed investigation of many aspects of cnidarian–dinoﬂagellate associations, including the
dynamics of cellular interactions.
© 2014 Elsevier GmbH. All rights reserved.

1. Introduction: cnidarian–dinoﬂagellate symbioses
Symbioses between members of the phylum Cnidaria, such
as scleractinian corals and sea anemones, and photosynthetic
dinoﬂagellates of the Symbiodinium genus are commonly found
in both temperate and tropical ecosystems (Muller-Parker and
Davy, 2001). This cnidarian–dinoﬂagellate mutualistic association has special ecological signiﬁcance in often nutrient-poor
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environments, such as (sub-)tropical shallow seawater, where it
plays an important role in maintaining the health and development of coral reef ecosystems (Hoegh-Guldberg, 1999). One of
the main recognized beneﬁts of dinoﬂagellate symbionts is their
ability to supply substantial amounts of photosynthesis-derived
nutrients (photosynthates) to their cnidarian host partner, which
help support its respiration, growth, reproduction, as well as biocalciﬁcation for reef-building corals (Venn et al., 2008; Yellowlees
et al., 2008; Stambler, 2011; Davy et al., 2012). The nature of
translocated photosynthates (“mobile compounds”) ranges from
soluble low molecular weight compounds, such as glycerol, glucose, amino acids and organic acids (Muscatine and Cernichiari,
1969; Trench, 1971; Burriesci et al., 2012), to more complex
molecules such as free fatty acids (Papina et al., 2003; Mortillaro
et al., 2009; Teece et al., 2011), glycoconjugates (Markell and
Trench, 1993) and even intact lipid droplets (Patton et al., 1977;
Kellogg and Patton, 1983; Patton and Burris, 1983; Peng et al.,
2011).
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Fig. 1. Anatomy of a tentacle from a symbiotic cnidarian. (A) Schematic representation of a polyp and its diploblastic organization. (B) Transmission electron
microscopy of a tentacle cross-section (A. viridis). Abbreviations: cn, cnidoblast; e,
epidermis; g, gastrodermis (hosting the symbionts); m, mesoglea; s, symbionts.

Dinoﬂagellate symbionts are hosted within cnidarian gastrodermal cells (Fig. 1) in a phagosome-derived vacuole and are
therefore separated from the host cytoplasm by a perisymbiotic
membrane of both algal and animal origin (Wakeﬁeld et al., 2000;
Wakeﬁeld and Kempf, 2001), which is involved in controlling
host–symbiont metabolic exchanges (Rands et al., 1993; Peng et al.,
2010). However, this intertwined physical association between the
two symbiotic partners is seldom integrated in situ when investigating host–symbiont metabolic interactions in cnidarians, which
are still poorly characterized at size scales ranging from histological to cellular and subcellular levels. Indeed, investigations aimed
at tracking the metabolic interplay in cnidarian–dinoﬂagellate
symbioses are usually performed on freshly isolated or cultured
dinoﬂagellate cells. However, the physiology of such dinoﬂagellates
certainly differs from that of their symbiotic counterparts, thus raising the possibility that data obtained on isolated algal cells might
not precisely mimic what actually occurs in the intact symbiosis.
Moreover, intact symbioses are often physically separated (e.g., by
centrifugation) into two distinct dinoﬂagellate and animal fractions
for further analyses. However, this separation is difﬁcult to achieve
without cross-contaminations and it erases precious information
related to the spatial distribution of compounds of interest within
tissues and cells.
Here we present two powerful in situ and high spatial
resolution molecular imaging techniques, i.e. matrix-assisted
laser desorption ionization mass spectrometry imaging (MALDIMSI) and the nano-scale secondary-ion mass spectrometry
(NanoSIMS) ion microprobe, which substantially enhance the
prospects for the detailed investigation of many aspects of the
cnidarian–dinoﬂagellate association, including the dynamics of cellular interactions.
2. In situ metabolomic MALDI-MS imaging applied to the
cnidarian–dinoﬂagellate interaction
While many studies have been performed to understand
metabolic relationships between the cnidarian host and its
dinoﬂagellate symbionts, most of them were more focused on
speciﬁc metabolites, mainly related to nutritional interactions
(Yellowlees et al., 2008; Gordon and Leggat, 2010). In addition, algal
symbionts were usually separated from the animal fraction before
analysis, without distinction between the host tissues (epidermis vs. gastrodermis). Anemonia viridis, a sea anemone commonly
found along the Mediterranean coast, is a great symbiotic model

because the complete separation of the tissues from the organism’s large tentacles allows separate studies on the epidermis and
gastrodermis, with minimal cross-contamination. A. viridis harbors
Symbiodinium cells all identiﬁed as belonging to the Mediterranean
clade temperate-A. Comparison of gene expression in symbiotic
and aposymbiotic (bleached) A. viridis specimens revealed potential
key players in symbiosis maintenance (Ganot et al., 2011; Dani et al.,
2014), as well as in symbiosis dysfunction (Moya et al., 2012). These
studies have shown that many genes involved in lipid metabolism
were differentially expressed between symbiotic and aposymbiotic specimens. In order to investigate the molecules involved in
the symbiotic interaction, we used different mass spectrometry
(MS) techniques to characterize the metabolite proﬁles of each of
the cellular compartments. Epidermis, gastrodermis and isolated
symbionts were separated by dissection followed by centrifugation, and their lipid and fatty acid proﬁles were characterized by
HPLC-MS and GC-MS. Epidermis and gastrodermis displayed different lipid and fatty acid proﬁles, especially for polar lipids. We also
suggest that lipids are preferentially stored in gastrodermis tissue,
as the main saturated and monounsaturated fatty acids are found
in higher quantity in this cellular compartment (Revel, unpublished data). To further characterize the metabolite signatures of
the different cell compartments, we adapted the MALDI-MS imaging technology to identify and localize molecules directly in sea
anemone tentacle sections.
MALDI-MSI is a molecular imaging tool that enables identiﬁcation and localization of compounds on surfaces. This technology
combines the sensitivity and selectivity of MS with nearmicroscopic spatial resolution to gain new insight into the
distribution of biomolecules in tissue sections. Because of the
capacity of MS to discriminate compounds according to their massto-charge (m/z) ratio, several molecules can be measured, proﬁled
(Fournier et al., 2003), and imaged in a single experiment directly
in tissue sections (Caprioli et al., 1997). Conventional MS techniques require complete grinding of organs to allow extraction
of their contents. Consequently, it is impossible to determine the
precise localization of molecules in the tissues. Using MALDI-MSI,
the distribution of several biomolecules can be studied with high
sensitivity and selectivity and without requiring any prior knowledge on the molecules to be searched (Gagnon et al., 2012). More
than 10 years after its introduction, MALDI-MSI has considerably
evolved and achieved performances that make it interesting for
biological research (Gagnon et al., 2012). This is demonstrated
by the multitude of organisms and biological contexts in which
MALDI-MSI has been used. Indeed, MALDI-MSI has been applied
on various organisms, including mammals (Lemaire et al., 2006)
and invertebrates (Wisztorski et al., 2008; Meriaux et al., 2011), as
well as plants (Hölscher et al., 2009). Over the past 10 years, most
efforts have been focused on key molecules of physiological processes, such as lipids (Sugiura and Setou, 2009), peptides/proteins
(Wisztorski et al., 2008), or mRNA (Lemaire et al., 2007). MALDI-MSI
was recently used to localize secondary metabolites (saponins) in
the sea cucumber Holothuria forskali (Van Dyck et al., 2010). These
results also highlight that MALDI-MSI is a valuable tool for chemical ecology studies in which speciﬁc chemical signaling molecules,
such as allelochemicals or pheromones, have to be tracked. We
therefore applied MALDI-MSI to study the A. viridis–Symbiodinium
interaction.
MALDI-MSI was used to localize metabolites within the tissues of the sea anemone A. viridis and especially to compare their
occurrence in epidermis, gastrodermis (with or without symbionts)
and symbionts (in hospite or in culture). Fig. 2 presents molecular images acquired using MALDI-MSI. A tentacle was embedded
in a solution of 4% carboxymethyl cellulose before sectioning and
tissue cryosections were mounted on an indium-tin-oxide-coated
glass slide for mass spectrometry analysis. The tissue sections were
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Fig. 2. Molecular images of A. viridis tissues acquired using MALDI-MSI. (A) Histological image of an A. viridis tentacle, tissue cryosection of 10 m thickness. The boxed part
corresponds to the region which was analyzed by MALDI-MSI. (B) An overlay image of histological and molecular information obtained after a hierarchical clustering analysis
of mass spectrometry data. Blue, green and red colors correspond to three different clusters. (C) Example of compounds localized within the different parts of the section
(m/z 683.68 in blue, m/z 814.88 in green, m/z 800.67 in red). (D) Annotated MS/MS spectrum in positive mode of the alkyl-phosphatidylcholine (aPC) at m/z 800.60 with the
major product ions indicated on the aPC structure shown below.

coated with a matrix solution using an automatic spraying device.
Image acquisitions were performed using a MALDI-TOF mass spectrometer with 30 m resolution using an oversampling method and
the conditions required for the analysis of small compounds, such

as metabolites and lipids. Mass spectra were classiﬁed by hierarchical clustering and we determined spectra classes (clusters), which
were representative of the different tissue features. Fig. 2B shows
three different clusters correlated with the sea anemone tissue
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organization. These are, from the outer to the inner layers, the apical part of the epidermis (blue), the basal part of the epidermis and
the mesoglea (green) and the gastrodermis (red), which harbors
the symbionts. The identiﬁcation of these clusters suggests major
differences in the molecular composition of these regions. For
example, the three molecular ions presented in Fig. 2C are representative of each part of the tentacle. An MS2 fragmentation analysis
was performed to conﬁrm the identiﬁcation and real assignment
of these molecules. Interestingly, the lipid compound localized
in the gastrodermis (m/z = 800.6) is an alkyl-phosphatidylcholine
(Fig. 2D), which was recently identiﬁed in the unicellular green alga
Chlamydomonas reinhardtii and the diatom Cyclotella meneghiniana
(Vieler et al., 2007), but also in the symbiotic sea anemone Aiptasia pallida (Garrett et al., 2013). In that species, this compound is
more abundant in symbiotic than in aposymbiotic specimens. Its
structure suggests that this compound may be synthetized by the
dinoﬂagellate symbiont, a result that is strongly correlated with its
localization obtained using MSI.
Other molecules are still being identiﬁed. Comparisons between
symbiotic vs. aposymbiotic specimens of A. viridis, as well as healthy
vs. stressed sea anemones will highlight key molecules involved in
the stability or dysfunction of the symbiotic interaction.

3. Imaging metabolic interactions in the
coral–dinoﬂagellate symbiosis at the subcellular level using
the NanoSIMS ion microprobe
In tropical reef corals living in mutualistic association with
Symbiodinium, the photosynthesis-dependent acquisition of environmental dissolved inorganic carbon (DIC) and nitrogen (DIN) by
dinoﬂagellates, the translocation of the resulting organic nutrients to the coral host tissue, and the further utilization of C
and N in both dinoﬂagellate and coral cells have been poorly
characterized at the cellular and subcellular levels. Translocated
organic nutrients are mainly produced by dinoﬂagellates (i)
through photosynthetic ﬁxation of DIC, mostly present in seawater in the form of bicarbonate (HCO3 − ), via the Calvin-Benson
“C3” photosynthesis pathway (Trench, 1993), and (ii) through the
photosynthesis-dependent uptake and assimilation of DIN, in the
form of ammonium (NH4 + ) and nitrate (NO3 − ), ultimately via the
glutamine synthetase–glutamate synthase (GS-GOGAT) enzymatic
cycle (Wilkerson and Muscatine, 1984; Rahav et al., 1989; Swanson
and Hoegh-Guldberg, 1998; Roberts et al., 1999). Note that ammonium is usually considered to be the preferential source of DIN
for symbiotic reef corals, followed by nitrate (D’Elia et al., 1983;
Grover et al., 2008). Moreover, ammonium can also be directly
assimilated by the coral host tissue via the glutamine synthetase
and/or glutamate dehydrogenase (GS/GDH) assimilatory enzymes
(Miller and Yellowlees, 1989; Rahav et al., 1989; Yellowlees et al.,
1994; Wang and Douglas, 1998). In contrast, nitrate is only incorporated by dinoﬂagellates because the coral host tissue lacks the
reductase enzymes required for the conversion of nitrate into
ammonium for further assimilation (Crossland and Barnes, 1977;
Tanaka et al., 2006). Here, we review recent studies in which
the NanoSIMS ion microprobe was combined with stable isotopic
labeling (e.g. H13 CO3 − and 15 NO3 − ) and conventional transmission
electron microscopy (TEM) to track – with a subcellular resolution – the spatio-temporal dynamics of nutritional interactions in
the intact coral–dinoﬂagellate symbiosis, including the abundant
and widely distributed Indo-Paciﬁc reef-building coral Pocillopora
damicornis (Pernice et al., 2012; Kopp et al., 2013).
NanoSIMS allows chemical and isotopic micro-imaging of solid
samples through the detection of secondary ions generated by the
impact of a primary ion beam rastered across the sample surface (Slodzian et al., 1992; Hoppe et al., 2013). The impacts of

primary ions erode the sample surface and eject atoms and clusters of atoms (sputtering), a fraction of which is ionized and forms
secondary ions (secondary ion beam). These secondary ions are separated in a mass spectrometer according to their mass-to-charge
(m/z) ratio and counted individually in separate electron multiplier
detectors. Quantitative NanoSIMS images of the distribution of, for
instance, stable isotopes in a given sample are thus produced with a
high spatial resolution (∼50–200 nm) and relatively good precision.
NanoSIMS can detect several isotopes simultaneously (e.g., multicollection of 12 C− , 13 C− , 12 C14 N− , 12 C15 N− ) from the same sputtered
volume of sample, which is advantageous for isotopic ratio quantiﬁcation because it avoids errors due to changing instrument or
sample conditions during analyses. NanoSIMS therefore features
a unique combination of instrumental capabilities. This powerful
technology can be used in life and biological science research to
simultaneously image and measure the distribution of molecules
labeled with stable isotopes in cells and their subcellular compartments.
NanoSIMS applications in biological sciences have been
reviewed in recent years (Lechene et al., 2006; Boxer et al., 2009;
Clode et al., 2009; Hoppe et al., 2013; Zhao et al., 2014). For
instance, quantitative NanoSIMS isotopic imaging in combination with stable isotopic labeling and conventional transmission
electron microscopy (TEM) was successfully applied to investigate the ﬁxation of 15 N2 and further redistribution of 15 N in a
bacterial–animal symbiotic system (Lechene et al., 2007). In this
study, the joint use of TEM ultrastructural and NanoSIMS isotopic
imaging was found to be very powerful for unambiguously identifying labeled cellular structures.
Of practical interest is that biological samples to be analyzed
with NanoSIMS absolutely must not hamper the ultra-high vacuum
of the instrument (∼10−10 Torr), i.e. volatiles have to be removed
from the sample prior to its introduction in the instrument. Ideally, samples must also essentially have a ﬂat surface. The most
appropriate sample preparation method for NanoSIMS analyses
depends on the speciﬁc questions that are being addressed. Here,
coral tissue samples were observed by TEM prior to NanoSIMS
analyses. Compounds such as proteins, lipids and carbohydrates
are highly suitable for incorporating stable isotopic tags (13 C and
15 N) that are retained in the TEM sample preparation, during
which non-assimilated (often soluble) isotopic tracers are eliminated. We used conventional electron microscopy preparations,
including: (i) chemical ﬁxation of coral tissue with aldehydes
and osmium tetroxyde to stabilize proteins and a fraction of the
lipids and carbohydrates, (ii) demineralization of the coral skeleton
through calcium-EDTA chelation, (iii) removal of water and nonincorporated stable isotopic tags with ethanol dehydration, and
(iv) hydrophobic resin embedding (e.g. Spurr’s resin). Flat sections
of coral tissue (70–80 nm thick) were obtained via ultramicrotomy.
Fig. 3 illustrates the results of a feeding experiment in which a
micro-colony of the symbiotic reef coral Pocillopora damicornis was
incubated in aquarium for 6 h in light in seawater simultaneously
enriched with [13 C]bicarbonate (H13 CO3 − ; 2 mM) and [15 N]nitrate
(15 NO3 − ; 30 M), followed by a 6 h chase period in light in seawater with a normal C and N isotopic composition. Representative
areas within the dinoﬂagellate-containing coral gastroderm (in
the coenosarcal area) were selected through TEM ultrastructural
observations of ultra-thin sections (∼70–80 nm thick) (Fig. 3A).
Exactly the same areas of interest on the same ultra-thin sections
were subsequently analyzed by NanoSIMS to generate the corresponding 13 C/12 C and 15 N/14 N isotopic images (Fig. 3B and C).
Note that the TEM ultrastructural and isotopic anomaly images are
perfectly correlated, so the 13 C- or 15 N-labeled cellular structures
were unambiguously identiﬁed. Fluctuations in the isotopic enrichments along the AB and CD proﬁles (cf. Fig. 3B and C) traversing
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Fig. 3. NanoSIMS visualization and quantiﬁcation of C and N assimilation and utilization in the coral–dinoﬂagellate symbiosis. The reef coral Pocillopora damicornis was exposed
for 6 h in light simultaneously with [13 C]bicarbonate (2 mM) and [15 N]nitrate (30 M), followed by a chase of 6 h in light. (A) TEM micrograph of the oral gastrodermal tissue
(in the coenosarcal region connecting polyps together), which contains dinoﬂagellate endosymbionts. (B) Corresponding NanoSIMS 13 C/12 C and (C) 15 N/14 N isotopic maps. At
this time point in the pulse–chase experiment, the 13 C tracer was assimilated by dinoﬂagellates and heterogeneously transferred to the symbiosis. (D) Fluctuations in 13 C- and
15
N-enrichment along the NanoSIMS proﬁle AB passing through one dinoﬂagellate cell, and (E) along the NanoSIMS proﬁle CD passing through the coral gastrodermal cells.
Yellow bands indicate natural variations in 13 C- and 15 N-enrichments as measured by NanoSIMS proﬁles in similar areas of an unlabeled control coral (␦13 C or ␦15 N = 0 ± 200‰,
3 sd). Abbreviations: ld, coral lipid droplet; m, mesoglea; mu, mucocyte; nu, nucleus; pl, plastid. Black arrows, dinoﬂagellate uric acid vesicles; red arrows, dinoﬂagellate
starch grains; green arrows, dinoﬂagellate lipid droplets.

one dinoﬂagellate cell and the coral host tissue, respectively, are
reported in the corresponding graphs (Fig. 3D and E).
Regarding the utilization of C in the symbiosis, Fig. 3 demonstrates that 13 C-labeled bicarbonate was actively incorporated by
photosynthesis and that the resulting photosynthetically ﬁxed 13 C
(or 13 C-labeled photosynthates) was heterogeneously distributed
in both the dinoﬂagellate and the coral gastrodermal cells. In
particular, within the dinoﬂagellates, retained 13 C was mainly accumulated within cytosolic starch granules (red arrows; ␦13 C of up to
∼35,000‰) and electron-dense lipid droplets (green arrows; ␦13 C
of ∼8000‰), which reﬂects the temporary storage of C-rich carbohydrates and lipids as substrates for further cell respiration (e.g.,
during nighttime). To a lesser extent, 13 C-labeled photosynthates
were also distributed in the remaining dinoﬂagellate compartments (e.g., the plastid, nucleus, and cytosol; ␦13 C of ∼2000‰),
reﬂecting the fact that 13 C is utilized for cell growth and turnover
of cell constituents.
13 C-labeling in coral gastrodermal tissue is due to the translocation of photosynthetically ﬁxed 13 C from the dinoﬂagellates to
the coral host cells that occurred within the short time scale of
this experiment. The most strikingly labeled coral cellular structures were large electron-dense lipid droplets (␦13 C of ∼22,000‰),
which clearly demonstrates that coral lipid droplets constitute one

of the major sinks for translocated photosynthates in the coral
symbiosis, as previously proposed (Patton et al., 1977; Stimson,
1987; Peng et al., 2011). Interestingly, some coral tissue structures
showed no or very low 13 C-incorporation, such as the mucocyte
(mu) or the mesoglea (m) separating the gastrodermis from the
epidermis.
Regarding the metabolism of N in the symbiosis, the nitrate
assimilation ability of dinoﬂagellates is clearly highlighted in
Fig. 3C. The low level of 15 N-labeling observed in coral tissue on
the NanoSIMS 15 N/14 N isotopic map (Fig. 3C) was due to limited
N translocation by dinoﬂagellates, which was spatially conﬁned
within the immediate vicinity of the endosymbionts.
The distribution of incorporated 15 N in the dinoﬂagellate cells
was highly heterogeneous, with the tracer mainly accumulating
within minute organelles known to contain uric acid crystals (black
arrows; ␦15 N of up to ∼4000‰), which strongly suggests that uric
acid vesicles have a role in the temporary storage of N in the symbiotic system (Clode et al., 2009; Kopp et al., 2013). Note also the clear
heterogeneity in 15 N-labeling among individual dinoﬂagellates,
with the upper endosymbiont being substantially less 15 N-enriched
compared to the two lower dinoﬂagellates in Fig. 3C, which is
potentially linked to differences in metabolic performance among
Symbiodinium cells located in the same coral microenvironment.
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4. Conclusion and perspectives
MALDI-MS imaging and the NanoSIMS ion microprobe are two
powerful tools for molecular mapping of compounds in tissue
sections. MALDI-MS imaging is widely used to map chemical compounds or proteins in biological samples, with a spatial resolution of
a few micrometers (30–50 m). Recent instrumentation advances
have improved the mass sensitivity (sub-ppm) as well as spectral
(R > 200,000) and spatial resolution (<5 m). NanoSIMS imaging
is already a method of choice for mapping chemical compounds
with a high spatial resolution of a few hundreds of nanometers
(50–200 nm), especially for compounds labeled with stable isotope
tracers.
Such molecular imaging approaches should enhance investigations on the physiology of cnidarian–dinoﬂagellate symbiotic
associations. Indeed, in the context of threatened coral reefs, they
may be able to ﬁll current gaps and they will provide new insights
into how these organisms may cope with marine environmental
modiﬁcations, adapt and survive.
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