










agricultural lands, sewage effluents, groundwater discharge, or
fish excretion (10, 11, 34). A mechanism for temporary N storage
in uric acid crystals in dinoflagellate cells has high nutritional im-
portance for their coral host in such N-fluctuating environments;
in addition, a central role has been demonstrated for endosymbi-
otic dinoflagellates in the rapid assimilation of dissolved N from
ambient seawater. Macro- and microalgae are known to be capa-
ble of rapid assimilation and storage of N, which is then mobilized
for growth during subsequent periods of N deficiency (35–37).
Dinoflagellate crystalline deposits, previously assumed to be cal-
cium oxalate (38), have recently been identified as uric acid
(C5H4N4O3) in the sea anemone Aiptasia sp. and were hypothe-
sized to be subcellular sites for temporary N storage (39). Here, we
demonstrate that in scleractinian corals, endosymbiotic dinofla-
gellates respond to a sudden increase in dissolved inorganic (am-
monium, nitrate) and organic (aspartic acid) N in ambient sea-
water by storing N rapidly in intracellular uric acid crystals.
Moreover, we demonstrate the rapid turnover of this metabolite,
likely mobilized for maintaining the N status of the coral-
dinoflagellate association under nutrient-limited environments
(39).

The formation and further remobilization of uric acid crystals
are also reported (i) in other endosymbiotic associations involving
marine animal hosts, such as in the tripartite endosymbiosis be-
tween the tunicate Molgula manhattensis, its apicomplexan
Nephromyces protist (phylogenetically related to the dinoflagel-
lates, in the Alveolates supertaxon), and their symbiotic intracel-
lular bacteria (40–42), and (ii) in the endosymbiosis between the
acoel flatworm Symsagittifera roscoffensis and the green microal-
gae Tetraselmis convolutae (43). However, in these associations,
unlike with our results with symbiotic corals, it is the host partner
that produces uric acid deposits as transitory N stores, which are
later remobilized through the uricolytic activity of their endosym-
bionts.

The dynamic pattern of uric acid production and remobiliza-
tion that we have observed within dinoflagellate endosymbionts of
scleractinian corals is likely to reflect the presence and activities of
enzymes involved in de novo purine biosynthesis and further ca-
tabolism. Similar metabolic processes have been documented in
the terrestrial endosymbiosis between leguminous plants and N2-
fixing bacteria, which involves storage and subsequent conversion
of uric acid into ureides (33, 44). In the latter symbiotic system,
bacteria convert atmospheric N2 into ammonium, which is trans-
ferred to the plant host, where de novo purine biosynthesis and
purine catabolism yield uric acid. Its subsequent metabolization
into ureides (allantoin and allantoate) allocated to the entire host
organism supports the plant N requirements. Our BLAST (45)
analyses (Table S4) of Symbiodinium expressed sequence tags
(ESTs) (http://medinalab.org/zoox/) indicate that transcripts en-
coding enzymes essential to purine synthesis and remobilization
are present in the Symbiodinium transcriptome. This includes
xanthine dehydrogenase (46), which catalyzes the conversion of
hypoxanthine and xanthine to uric acid and uricase (19), which is

FIG 4 Nitrate assimilation by the dinoflagellates and N translocation to their
coral host. (A) NanoSIMS measurements of 15N partitioning between dinofla-
gellates and coral tissue during an 84-h chase under standard light/dark (14 h/
10 h) cycling, following a 12-h pulse (30 �M) of [15N]nitrate labeling in light.
Significant labeling is indicated for the dinoflagellates (*) and the coral host
tissue (�) compared to that of the unlabeled control corals. (B to F) TEM
micrographs (left) and corresponding NanoSIMS isotopic 15N/14N images

(Continued)

Figure Legend Continued

(right) of the dinoflagellate-containing oral gastroderm at 2, 6, and 12 h in the
pulse (panels B, C, and D, respectively) and at 36 and 84 h in the chase (panels
E and F, respectively). White arrows highlight nitrogenous compounds trans-
ferred from the dinoflagellates to their adjacent coral cells during the pulse.
Scale bar, 5 �m. lb, coral lipid bodies; Dino, dinoflagellate.
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involved in the subsequent oxidation of uric acid to the ureide
allantoin. Our results therefore provide new evidence strengthen-
ing the hypothesis that activation of purine-related metabolic
pathways is involved in controlling the N bio-economy of cnidar-
ian endosymbioses under N-fluctuating marine environments
(39).

In reef corals, endosymbiotic dinoflagellate cells are thought to
substantially contribute to the N requirements of their host by
translocating N-bearing compounds in the form of amino acids
(47, 48) and/or larger N-containing glycoconjugates (49, 50).
However, direct evidence for this nutrient exchange, as well as its
spatial pattern within the tissue layers and its precise timing, re-
mained unclear (51). Here, combined TEM and NanoSIMS iso-
topic imaging of tissue sections provide direct in situ visualization
and quantification of the dynamics of N fluxes in the symbiotic
reef coral P. damicornis. Nitrogen translocation occurs first in the
dinoflagellate-containing oral gastroderm about 6 h after expo-
sure to a dissolved 15N-labeled tracer. Subsequently, the three
other cellular layers receive translocated N, indicating exchange
between the different coral epithelia. Interestingly, the observed
6-h time lag is consistent with the hypothesis for delayed N release

by the endosymbiotic dinoflagellates (52). Ultrastructural obser-
vations of the subcellular sites of coral host utilization of N ac-
quired either directly by the host or translocated from the dino-
flagellates suggest N utilization for important physiological
functions of the coral, such as synthesis of mucus, proteins, and
potential precursors of the skeletal organic matrix, known to be
involved in coral biomineralization processes (53).

In conclusion, by combining pulse-chase experiments using
15N-enriched ammonium, nitrate, and aspartic acid with TEM
ultrastructural observations and NanoSIMS isotopic imaging of
thin coral tissue sections, we visualized and quantified in situ at the
subcellular level the dynamics of dissolved N acquisition, storage,
and utilization by the coral-dinoflagellate endosymbiosis. In par-
ticular, we provide experimental evidence for temporary N stor-
age in dinoflagellate uric acid crystals in response to fluctuating
environmental dissolved-nitrogen availability. In the context of
marine environmental change due to both anthropogenic activi-
ties and natural fluctuations (e.g., ocean warming, acidification,
pollution, and nutrification), this approach has the potential to
provide new insights about how coral reef ecosystems will respond
to such environmental perturbations.

FIG 5 Coral host utilization of N assimilated from [15N]ammonium under light/dark conditions. TEM micrograph (A) and corresponding NanoSIMS isotopic
15N/14N image (B) of the oral epiderm 11 h into the chase phase, showing 15N accumulation in mucus chambers of a mucocyte (white arrows). Scale bar, 5 �m.
(C) High-magnification TEM view of the labeled structures (loculae). Scale bar, 2 �m. (D) 15N quantification of the profile indicated in panel B. TEM micrograph
(E) and corresponding NanoSIMS isotopic 15N/14N image (F) of the oral gastroderm 45 min into the pulse (under light), showing 15N accumulation in a Golgi
body (white arrows). Scale bar, 2 �m. (G) High-magnification TEM view of the labeled structure. Scale bar, 1 �m. (H) 15N quantification of the profile indicated
in panel F. TEM micrograph (I) and corresponding NanoSIMS isotopic 15N/14N image (J) of the aboral epithelia 5 h into the chase phase, showing 15N
accumulation in calicoblastic cells (white arrows). Scale bar, 5 �m. (K) High-magnification TEM view of the calicoblastic cell showing 15N incorporation in large
vesicles (white arrows). Scale bar, 500 nm. (L) 15N quantification of the profile indicated in panel J. OE, oral epiderm; OG, oral gastroderm; AG, aboral
gastroderm; Cal, calicodermis; Coel, coelenteron; Dino, dinoflagellate; is, intercellular space; m, mesoglea; mu, mucocyte; nu, nucleus; sj, septate junction; Sk,
skeleton; SW, seawater.
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MATERIALS AND METHODS
The pulse-chase experiments using 15N-enriched ammonium, nitrate,
and aspartic acid (obtained from Sigma-Aldrich) were carried out with
small nubbins (~5 cm in height) of the scleractinian coral Pocillopora
damicornis (Linnaeus, 1758) growing at the Aquarium Tropical, Palais de
la Porte Dorée (Paris, France). The nubbins were prepared from one large
colony and acclimatized for 8 weeks in artificial seawater (Instant Ocean
salts) with low nutrient concentrations (NO2

�, �1 �M; NH4
�, �1 �M;

PO4
3�, �1 �M), except for NO3

� (~30 to 40 �M, due to seawater equil-
ibration in a large fish-containing tank). The temperature was 25 � 1°C,
salinity was 32 � 1‰, the pH was 8.1 � 0.1, and the photoperiod was 14 h
of light and 10 h of dark. Corals were not fed with plankton during the
acclimatization period and the subsequent experiments. For labeling
pulses with 15N tracers, 0.2 �m filtered seawater was used, except for the
[15N]nitrate pulse, for which freshly prepared artificial seawater with a
low NO3

� concentration was used. The chase was carried out in seawater
with a normal isotopic abundance. Detailed descriptions of the experi-
mental design are provided in the supplemental material (Text S1).

Transmission electron microscopy of coral tissue (70-nm-thick resin
sections) was performed after conventional primary chemical fixation
with aldehydes (glutaraldehyde and formaldehyde) and secondary chem-
ical fixation with osmium tetroxide.

For NanoSIMS isotopic imaging and quantification, the exact same
areas of interest selected by TEM observations were analyzed with a Nano-
SIMS ion microprobe. Data were processed using the L’IMAGE software.
Regions of interest (ROIs) were defined from the 15N/14N images to quan-
tify the bulk 15N enrichment of the dinoflagellates and of cells in the four
epithelia composing the coral tissue. Similar tissue positions in the coeno-
sarc and upper part of the polyp (coenosarc-polyp transition area) were
selected for all TEM and NanoSIMS analyses.

Selected-area electron diffraction, EELS, and EFTEM spectrum imag-
ing for crystallinity assessment of intracellular deposits and mapping of
elemental N were performed using a JEOL 2200FS TEM instrument with
an in-column � filter.

Identification of uric acid in dinoflagellate water extracts was per-
formed by GC-MS analysis of the trimethylsilyl derivatives and by com-
parison of the retention times and mass spectra with those of a commer-
cial uric acid standard. The 15N isotopic enrichment in dinoflagellate uric
acid extracted from corals exposed to various 15N-labeled compounds was
measured by GC-C-IRMS.

Detailed methods for TEM ultrastructural observations, NanoSIMS
isotopic imaging, and bulk N-isotopic analyses of the dinoflagellate frac-
tion, as well as for electron diffraction, EFTEM spectrum imaging, and
EELS of uric acid crystals and metabolite-specific GC-MS and GC-C-
IRMS analyses of uric acid are provided in the supplemental material
(Text S1).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00052-13/-/DCSupplemental.

Text S1, PDF file, 0.2 MB.
Figure S1, JPG file, 0.4 MB.
Figure S2, JPG file, 0.2 MB.
Figure S3, JPG file, 0.5 MB.
Figure S4, JPG file, 0.8 MB.
Figure S5, JPG file, 0.7 MB.
Table S1, PDF file, 0.2 MB.
Table S2, PDF file, 0.2 MB.
Table S3, PDF file, 0.1 MB.
Table S4, PDF file, 0.1 MB.
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