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Abstract A method to label marine biocarbonates is
developed based on a concentration enrichment of a minor
stable isotope of a trace element that is a natural compo-
nent of seawater, resulting in the formation of biocarbonate
with corresponding isotopic enrichments. This biocarbon-
ate is subsequently imaged with a NanoSIMS ion micro-
probe to visualize the locations of the isotopic marker on
sub-micrometric length scales, permitting resolution of all
ultra-structural details. In this study, a scleractinian coral,
Pocillopora damicornis, was labeled 3 times with 86Sr-
enhanced seawater for a period of 48 h with 5 days under
normal seawater conditions separating each labeling event.
Two non-specific cellular stress biomarkers, glutathione-S-
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transferase activity and porphyrin concentration plus
carbonic anhydrase, an enzymatic marker involved in the
physiology of carbonate biomineralization, as well as
unchanged levels of zooxanthellae photosynthesis effi-
ciency indicate that coral physiological processes are not
affected by the ®*°Sr-enhancement. NanoSIMS images of
the °Sr/**Ca ratio in skeleton formed during the experi-
ment allow for a determination of the average extension
rate of the two major ultra-structural components of the
coral skeleton: Rapid Accretion Deposits are found to
form on average about 4.5 times faster than Thickening
Deposits. The method opens up new horizons in the study
of biocarbonate formation because it holds the potential to
observe growth of calcareous structures such as skeletons,
shells, tests, spines formed by a wide range of organisms
under essentially unperturbed physiological conditions.
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Introduction

Marine biocarbonates such as coral skeletons, foraminifera
tests, mollusks and brachiopods shells have been a subject
of intense scientific interest since it was realized that their
chemical (e.g., Mg/Ca, Sr/Ca, Ba/Ca) and isotopic com-
positions (e.g., 6''B, 6'°C, 6'®0) might provide proxies
for marine paleo-environmental changes on both short and
long timescales (e.g., Epstein et al. 1953; Smith et al. 1979;
Zachos et al. 2001). However, almost without exception,
these proxies are affected by biological (so-called vital)
effects, which influence or control the composition of the
biocarbonate independent of environmental variations, and
decrease the precision with which the chemical or isotopic
composition record environmental change (Adkins et al.
2003; Rollion-Bard et al. 2003; Sinclair 2005; Blamart
et al. 2007; Nothdurft and Webb 2007; Meibom et al. 2008;
Allison et al. 2010; Brahmi et al. 2010).

The processes by which the microstructures and
composition of biocarbonates are controlled are still poorly
understood (Stolarski 2003; Gladfelter 2007). One obstacle
has been the lack of a method to study the growth dynamics
on the sub-micrometer length scales on which individual
structural components form. Labeling techniques with the
visible stain alizarin red or the fluorescent marker calcein
have been applied to mark the mineralization front in
carbonate-producing organisms. Both chemicals form an
irreversible complex with calcium carbonate during pre-
cipitation and have been widely used to calibrate calcare-
ous skeletal growth on timescales ranging from days/weeks
to months/years (Barnes 1972; Guzman and Cortes 1989;
Swart et al. 2002; Bernhard et al. 2004; Thébault et al.
2006; Brahmi et al. 2010). Dodge et al. (1984) reported a
negative effect of alizarin staining (10 mg 1~ for 24 h)
on the calcification rate of the zooxanthellate scleractinian
coral Diploria strigosa, for a period of up to 6 days fol-
lowing the exposure. A qualitatively similar observation
was made on Pocillopora damicornis (Allison et al. 2011).
Calcein is usually considered non-lethal at low doses
(50 pM 17'-10 mg 17" for adult corals (Brahmi et al.
2010) or foraminifera (Bernhard et al. 2004), but could
induce behavioral stress or death, especially of juveniles
and larvae of fishes (Bumguardner and King 1996) and
bivalves (Thébault et al. 2006). One recent study found that
calcein labeling does not alter trace element incorporation
(Mg and Sr) in the skeletal calcite of foraminifera tests
(Dissard et al. 2009). However, the calcein fluorescent
label is diffusely distributed and its emission intensity
fades with time, which complicates its detection and
superposition onto ultra-structural observations.

Radioactive isotopes, in particular '*C, **Ca, ®Sr and
%OSr, have been used since the 1970s to quantify sclerac-
tinian coral calcification rates based on bulk analysis of
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entire corallites or colony fragments (Goreau 1959;
Clausen and Roth 1975) and to investigate uptake and
pathways of Ca (Tambutté et al. 1996; Marshall and Clode
2002) and Sr (Ip and Krishnanevi 1991; Ferrier-Pages
et al. 2002). Marshall and Wright (1998) used autoradi-
ography of sections (0.5 mm thick) of labeled Galaxea
fascicularis polyps in an attempt to localize specific sites
of uptake into individual corallites with a spatial resolution
in the sub-millimeter range, which is insufficient to
resolve sub-micrometer ultra-structural components inside
the skeleton.

Here, we describe an experimental method to precisely
label biocarbonates with high spatial and temporal resolu-
tion. In this study, the method is based on the incorporation
of the stable isotope 8(’Sr, a natural component of seawater,
into the aragonitic skeleton of a living scleractinian coral
P. damicornis (Linnaeus 1758) with subsequent imaging of
the enhanced °Sr abundances in the skeleton using the
high spatial resolution of NanoSIMS ion microprobe.
The feasibility of this method was recently documented in
a pilot study of the scleractinian coral Porites porites.
(Houlbreque et al. 2009). In the present study, we have
quantified the *Sr-enrichment factor of the labeled sea-
water with thermal ionization mass spectrometry (TIMS)
and tested whether coral physiology was affected by an
increase in Sr-concentration using complementary bio-
indicators of ecotoxicological stress. NanoSIMS observa-
tions of the skeletal structures formed during ®®Sr-labeling
allow growth dynamics to be compared between different
ultra-structural components at different levels in the cor-
allite. The observations obtained from this study provide
an excellent basis for further developing and refining the
method.

Materials and methods
Biological material

The scleractinian coral P. damicornis, a tropical (Indo—
Pacific) colonial zooxanthellate reef-building species, was
collected off the south shore of Coconut Island (Kanehoe
Bay, Hawaii) under Special Activities Permit 2009-42
(Department of Land and Natural Resources under the
Division of Aquatic Resources). Thirty nubbins (branch
tips ~4 cm height, ~3 cm wide) were prepared from the
same parent colony (=same genotype) and acclimatized
on outdoor water tables with running seawater at Kewalo
Marine Laboratory (University of Hawaii, USA) for
8 weeks. Experiments were conducted under ambient light,
25 £ 1 (SD)°C temperature and 36 & 1 (SD)%o salinity
conditions during May 2010 on healthy nubbins completely
covered with tissue.
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Strontium dose-response experiment

Strontium is a trace element present in seawater in
concentrations of about 8 ppm (~9 x 107> mol 17"
(Chow and Thompson 1955; de Villiers 1999) and is
known to substitute for Ca in the aragonite structure (Finch
and Allison 2002).

To detect an effect of increased Sr-concentration in
seawater on the coral physiology, a dose-response exper-
iment was carried out with three increasing doses of iso-
topically normal Sr. Four replicate nubbins were exposed
to each of the enhanced Sr-concentrations (~ 16, ~97
and ~ 186 ppm, respectively) for a time interval (48 h) and
experimental conditions similar to those used in the
subsequent °Sr labeling experiment. Four other nubbins
served as controls and were exposed to normal seawater.

An additional experiment was performed to monitor
long-term effects of the highest Sr-dose. Three nubbins
were exposed for 2 days to ~186 ppm Sr with three
control nubbins exposed to normal seawater. Subsequently,
all six nubbins were placed back into the main holding tank
and monitored every day for 15 days for potential changes
in tissue coverage, color, and tentacles extension.

Seawater was enriched in Sr by dissolving isotopically
normal SrCO; (Sigma-Aldrich 99.995% purity) in 1 liter of
seawater as follows: (1) 15 mg, (2) 150 mg and (3) 300 mg
of SrCO; were covered with 1 ml de-ionized water to
which was added (1) 2 ml of 0.1 N HCI; (2) 2 ml of 1 N
HCI and 0.55 ml of 2 N HCI; (3) 1 ml of 1 N HCI and
1.6 ml of 2 N HCI, respectively. These three slightly acidic
Sr solutions were ultrasonicated for 10-30 min and
subsequently diluted to 1 1 with normal, filtered (0.2 pum)
seawater yielding isotopically normal seawater with
Sr-concentrations of ~16, ~97 and ~ 186 ppm, respec-
tively, equivalent to enrichment factors of roughly 2, 12
and 23, compared with normal seawater (e.g., Kewalo
Marine Laboratory water [Sr] ~ 7.6 ppm).

Average pH values measured at 21°C in triplicate with a
calibrated electrode (equilibrated to seawater) were:
8.11 £ 0.01 (SD), 8.04 & 0.01 (SD) and 8.05 &£ 0.01 (SD)
for the 16, 97 and 186 ppm Sr solutions, respectively, and
8.13 £ 0.01 (SD) for seawater. These values are within
natural pH variations of seawater measured in the outdoor
aquaria at the Kewalo Marine Laboratory (pH = 8.00-8.14
for T = 23.1-25.5°C) and in the open reef off Coconut
Island, Kaneohe Bay (pH = 7.85-8.3 for T = 21.8-26.8°C),
and such variations are unlikely to provoke measurable stress
on the coral organism (Krief et al. 2010).

Each individual nubbin was incubated for 2 days in a
beaker containing 250 ml of Sr-enhanced seawater solution
(or control normal seawater) lightly covered with plastic
film to limit evaporation and with air bubbling for aeration

and water circulation. After 24 h of incubation in the water
table (25 + 1 (SD)°C), 50 ml of the solution was renewed
(20% of the volume). After 48 h of exposure, nubbins were
individually frozen in liquid nitrogen and then stored at
—80°C.

Experimental protocol of 86Sr—labeling

The *°Sr-labeling experiment was conducted over 16 days
on four nubbins, with four control nubbins handled in the
same way, but exposed to normal seawater. “®Sr-enriched
seawater solution was prepared by dissolving ~ 15 mg of
86Gr-carbonate powder (Sf’SrCO3, 86Sr abundance of 97%,
Oak Ridge National Laboratory, Tennessee, USA) in 1 1
filtered (0.2 um) seawater as described above. The pH of
86Gr-labeled seawater averaged 8.11 £ 0.01 (SD) (n = 3).

For 48 h, each individual nubbin was incubated in
250 ml of %°Sr-enriched seawater (SGSr/SSSr ~ 14) at
25 &£ 1°C under natural light conditions. Air bubbling with
a glass Pasteur pipette continuously supplied oxygen to the
solution. After 24 h of labeling, 50 ml of the 86Gr_enriched
seawater was renewed (20% of the volume in each beaker).
At the end of the 48 h period of labeling, all nubbins were
transferred back into the main tank with normal, running
seawater and grown for 5 days. Then, a second 48-h
labeling event was conducted in **Sr-enriched seawater,
after which the microcolonies were transferred back into
the tank with normal running seawater and grown for
another 5 days. A third and final 48-h labeling event in
86Sr-enriched seawater was carried out after which the
experiment was terminated by freezing each nubbin, that is,
controls and ®¢Sr-labeled replicates, in liquid nitrogen to
stop all enzymatic reactions in preparation for toxicological
assays and skeleton analyses.

Measurements of %6St/%8Sr ratio and total
Sr-concentration in seawater solutions

Strontium has four stable isotopes with the following nat-
ural isotopic abundances: 84Sr (0.56%), °Sr (9.86%), ¥'Sr
(7.0%) and *Sr (82.58%). The %°Sr isotope is therefore
only present in seawater at a concentration of about
0.8 ppm. Analyses of strontium concentration and %¢Sr/*®Sr
ratio for all solutions used during the experiments were
performed on a VG Sector multi-collector TIMS instru-
ment in the Isotopes Laboratory of the Geology and Geo-
physics Department at the University of Hawaii (USA)
following established procedures (de Villiers 1999).

The *°Sr/*Sr ratio was measured for all **Sr-enriched
seawater solutions used in the labeling experiment and
normal seawater. The Sr-concentrations of the solutions
prepared with 15, 150 and 300 mg 1~ of normal SrCO;
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were determined by isotope dilution and compared to the
calculated Sr-concentrations.

Markers of potential stress to the coral organism
during experiments

Toxicological assays were performed at the end of the last
labeling event in order to test potential cellular stress in
response to Sr-enhancements. One oxidative stress and
one metabolic stress biomarker were used to indicate a
potential shift from cellular homeostasis: Glutathione-S-
transferase activity (GST) and porphyrin concentrations
were determined for all nubbins (and their controls) in the
86Sr-labeling experiment and for all nubbins (and their
controls) in the Sr-dose experiments. Porphyrin concen-
tration was also measured for one unhandled control
nubbin that had remained in the large aquarium with
normal seawater.

Coral whole cell lysates (WCL) and subcellular (S9)
fractions were prepared from coral tissue removed by
water-pik and spun at 4°C at 10,000x g for 10 min using a
Sorvall RC-5B centrifuge, following Downs et al. (2006).
Pellets of tissue and cells were homogenized on ice for
1 min in filtered seawater containing 1 mM PMSF (Phenyl
Methyl Sulfonyl Fluoride) and centrifuged at 2,000x g and
4°C for 5 min. The zooxanthellae pellet was discarded, and
supernatant spun again at 2,000x g for 3 min. Half of the
final supernatant, containing only coral tissue or whole cell
lysate (WCL), was stored at —80°C. The other half was
homogenized for 2 min, centrifuged at 10,000x g and 4°C
for 20 min, yielding a supernatant containing the S9 sub-
cellular fraction of coral, which was stored at —80°C. Total
protein concentrations of the extracts were quantified col-
orimetrically using the Bicinchoninic acid protein assay
(BCA, Interchim).

Glutathione-S-transferase (GST) activity was deter-
mined using the microplate spectrophotometric method
from Habig et al. (1974). Coral protein (10 pg of S9 frac-
tion) was pre-incubated (3 min at 37°C) in optically clear
microplates with 0.5 mM 1-chloro- 2,4 dinitrobenzene.
L-glutathione 1 mM was added, and changes in absorbance
per minute were monitored continuously at 340 nm. Total
activity was calculated using Beer’s Law with ¢ =
9.6 mM~' cm™!. GST enzyme activity was expressed in
nmol min~' mg~" protein.

The porphyrin concentration in the coral S9 subcellular
fraction was determined following the method of Downs
et al. (20006). Briefly, 100 pg of total soluble protein was
diluted to 300 pl in Tris—HCI (pH 7.8) containing 5 mM
EDTA. Three 100 pl aliquots were distributed into a black
fluorescent 96-well microplate. Then, 100 pl of 3 N HCl
was added to each well, and the samples were incubated in
the dark for 30 min at room temperature. Fluorescence was
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detected using a Gemini XS fluorescent/luminescent
microplate reader (Molecular Devices, Sunnyvale, CA)
with an excitation filter at 405 nm and an emission filter at
610 nm. Results were expressed in nmol mg™~" of protein
using an Uroporphyrin standard curve (Uroporphyrin
Fluorescence standards, Frontier Scientific, UFS-1) from 0
to 1,000 nmol.

The carbonic anhydrase (CA) enzyme is involved in
numerous physiological reactions including coral biomin-
eralization processes (Goreau 1959; Tambutté et al. 2007a;
Moya et al. 2008) and has been used as one marker of
stress to coral calcification (Bielmeyer et al. 2010). Total
CA activity was assayed for each of the replicate and
control nubbins in the **Sr-labeling experiment using the
ApH method (Vitale et al. 1999). For each measurement,
7.5 ml of reaction medium (225 mM mannitol, 75 mM
sucrose and 10 mM Tris—phosphate pH 7.4) was added
to 400 pL of coral tissue extract (300 pg total protein).
The decrease in pH was recorded every 10 s for 100 s. The
slope of the linear regression of pH versus time, which
determines the catalyzed reaction rate (b.), was deter-
mined. The non-catalyzed reaction rate (b,.) was estimated
from the pH drop of the control, without tissue-skeleton
extract. The carbonic anhydrase activity was calculated for
four replicates for each nubbin as (b./b,.—1)/mg protein
and was also measured in the presence of 100 M aceta-
zolamide (a specific inhibitor of CA) for two replicates for
each nubbin.

Potential effect of the *°Sr-labeling protocol on the
photophysiology of the symbiotic dinoflagellates (zooxan-
thellae) was monitored using underwater Pulse Amplitude
Modulation (PAM) fluorometry (Walz, Germany) com-
paring in situ fluorescence yield of photosystem II in
zooxanthellae between controls (n = 4) and *Sr-labeled
nubbins (n = 4) during the second 86Sr—labe&ling event,
after 24 h of exposure. The fluorescence at the steady state
(F) and the maximal fluorescence in the light (Fm’) were
measured, and the apparent quantum yield of photosyn-
thesis (AF/Fm’) was calculated, reflecting the efficiency of
photosystem II in the light acclimated state (Hoogenboom
et al. 2006). For each nubbin, five measurements were
collected on the tips of apical branches.

Statistical analyses were performed with the free soft-
ware “R” (version 2.12.1, http://www.r-project.org). Nor-
mality of the data was tested using Shapiro-Wilk test. If
the data were normally distributed, a comparison between
two treatments was performed via a Student’s ¢ test, if not,
a Wilcoxon test was used. To compare more than two
treatments, a parametric analysis of variance (ANOVA)
was performed if the data were normally distributed and
with equal variances; otherwise, a nonparametric ANOVA
was used. Differences were considered statistically signif-
icant for P value <0.05.
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NanoSIMS imaging of *®*Sr/**Ca in the skeleton

Tissue covering the *°Sr-labeled skeleton was removed by
blasting with normal, filtered seawater. Analyses of rinsed
and dried skeleton were carried out with the Cameca
NanoSIMS (Lechene et al. 2006) ion microprobe on pol-
ished and gold-coated skeletal surfaces embedded in
Korapox® epoxy and cut parallel to the growth axis.
Briefly, a primary beam of O™ (40-50 pA) delivered to
the sample surface produced secondary ions of *°Sr* and
“Ca’ that were transmitted to the mass spectrometer
and detected simultaneously in electron multipliers at a
mass-resolving power of ~5,000. At this mass-resolving
power, any potentially problematic mass interferences are
resolved. Images were obtained by rastering across a pre-
sputtered surface (to remove the gold coating and establish
sputtering equilibrium) with a lateral resolution of the
primary beam of about 0.5 pm and comparable pixel size
(images of 128 x 128 pixels on a 40 x 40 um?® surface
area). Count rates for **Ca* and *°Sr™ were typically
15-20 x 10° cps and 1,000-1,500 cps, respectively, in
unlabeled skeleton. Images of the ®6Sr/**Ca ratio were
obtained by rationing 5 sequential, drift-corrected images
of each isotope.

Ultra-structural observations of ¥6Sr-labeled skeleton

After NanoSIMS analyses, the gold coating was removed
and sample surfaces etched for 2 min with a 0.1%
formic acid solution following Stolarski (2003). Samples
were sputter-coated with conductive platinum film and
observed with a Philips XL 20 scanning -electron
microscope (SEM) at the Polish Academy of Sciences,
Warsaw.

Results

Total Sr and *°Sr isotopic enrichment in labeled
seawater

Strontium concentration measured for all solutions used
during the experiments was in agreement with the calcu-
lated Sr-concentrations, indicating that all SrCO; was
dissolved during preparation of the labeled seawater.
The three solutions prepared with 15 mg 17" of *°SrCO;
yielded ®°Sr/*®Sr  values of 1.4151 & 0.0003 (20),
1.3758 £ 0.0006 (20) and 1.4096 + 0.0010 (20), respec-
tively, in agreement with the 3°Sr/*®Sr ratio estimated for
these solutions and representing an average increase in the
86Sr/%8Sr ratio by a factor of about 11.6 over that in natural
seawater.

Unchanged photophysiology of zooxanthellae
symbionts due to the %°Sr-labeling

In situ photosynthesis yield of dinoflagellate symbionts
measured with PAM (Pulse Amplitude Modulation) fluo-
rometry in 5 apical branches of each 4 replicate nubbins
during the second *°Sr-labeling event indicated a mean of
0.55 £ 0.03 (SD, n = 20) for control nubbins versus a
mean of 0.54 & 0.02 (SD, n = 20) for **Sr-labeled nub-
bins, without any statistically significant difference (¢ test,
P > 0.05) (ESM Table 1). Moreover, during all experi-
ments, all nubbins exposed to Sr-labeled seawater and all
controls (with one exception) remained brown, with full
tissue coverage, polyp tentacles fully extended, and no
visual signs of changes in zooxanthellae density.

Absence of cellular oxidative stress due to exposure
to strontium

Glutathione-S-transferase (GST) activity data and porphy-
rin concentrations are presented in Fig. 1 for all nubbins in
the total Sr-dose experiments (normal isotopic abundance)
and in the ®°Sr-labeling experiment (values are listed in
Electronic Supplemental Material, ESM Table 1). For the
86Sr-labeling experiment, the GST activity of both controls
and 5°Sr-labeled nubbins was measured at the end of the
last ®Sr-labeling event. No significant differences between
controls and nubbins in the Sr-dose and ®°Sr-labeling
experiments (P > 0.05) were detected by either a ¢ test or an
analysis of variance (ANOVA). Moreover, no significant
difference was detected between GST activities of nubbins
exposed to 15 mg 17" of ®¢SrCO; versus 15 mg 1™ of
isotopically normal SrCOj; (# test, P > 0.05). Levels of GST
activity remained unchanged during all of the experiments
and fall within the range of GST background levels mea-
sured in non-stressed P. damicornis nubbins maintained in
open seawater systems (data not shown).

Porphyrin concentrations of nubbins exposed to
enhanced Sr-concentrations (15, 150 and 300 mg 171,
respectively) were not significantly different from controls
exposed to normal seawater (ANOVA test) (Fig. 1). Sim-
ilarly, no difference was found (¢ test) for controls versus
865r-labeled nubbins (P > 0.05). No significant difference
was observed between nubbins exposed to 15 mg 1!
of isotopically normal SrCO; and 15 mg 17" of **SrCO;
(¢ test, P > 0.05). The porphyrin concentration of a nubbin
prepared from the same parent colony, unhandled and
permanently maintained in the running seawater aquarium,
was within the range of values measured for all nubbins
(and controls) in the Sr-dose response and the ¥¢Sr-labeling
experiments. Moreover, during all experiments, some
control and test nubbins released a few larvae, as expected
for this period in the lunar cycle.
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Unchanged levels of carbonic anhydrase activity due
to exposure to strontium

Carbonic anhydrase activity was measured to detect a
potential effect of increased total Sr-concentration and °Sr
isotope enrichment on enzyme activities involved in the
biomineralization process. Results of CA activity assays (4
replicate measurements per nubbin) are presented in Fig. 2
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Fig. 2 Carbonic anhydrase activity in control and *Sr-labeled corals.
Specificity of the pH decrease method was confirmed by inhibition by
acetazolamide (AZ, 100 pM). Data represent the mean (£SD) of CA
activity of controls (n = 4) and 86Sr-labeled (n = 4) coral nubbins in
milliUnits per mg of total proteins. No significant difference between
86Sr-labeled and control nubbins values was detected (P > 0.05)
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for %°Sr-labeled nubbins (n = 4) and for their unlabeled
controls (n = 4) (values are listed in ESM Material
Table 1). Addition of acetazolamide (AZ, 100 uM) resulted
in inhibition of CA activity by 85% for controls and by
92% for *°Sr-labeled nubbins, respectively, confirming the
specificity of the pH decrease method used. A CA activity of
1727 £+ 324 (SD) mU mg_1 proteins (n = 16) was mea-
sured for controls and 1585 & 350 (SD) mU mg ™' proteins
(n = 16) for *Sr-labeled nubbins, without statistically sig-
nificant difference between the two populations (P > 0.05).

Distribution of *°Sr in the skeleton of Pocillopora
damicornis

Images of the %°Sr/**Ca distribution in the skeleton of four
different %°Sr-labeled nubbins were obtained with the Nano-
SIMS in longitudinal sections, that is, skeletal surfaces cut
parallel to the growth axis. Incorporation of **Sr was compared
between skeletal structures localized at different levels in the
colony, including two tips of walls of apical corallites (i.e., at
the very top of colony branch) (Figs. 3a;, by, 4a, 5a) and a spine
protruding from the coenosteum surface (i.e., between coral-
lites), 4 mm below the growing tip (Figs. 3b,, Se).

A line profile of the skeletal %Sr/**Ca ratio through the
three 5°Sr-labeling events shows an enrichment factor of
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Fig. 3 SEM images of skeletal sections of apical corallites of two
different nubbins (a, b) labeled with 863r. Images a;, b; and b,
(reflected light microscopy) show the square traces of the NanoSIMS
sputtering into the surface after analyses. The corresponding mosaics
of individual %°Sr/**Ca images obtained with the NanoSIMS from
these three regions are shown in Figs. 4 and 5

about 11.6 over the natural %°Sr/**Ca ratio (Fig. 4a), con-
sistent with the TIMS measurements.

Combined NanoSIMS and SEM images of the lightly
etched analyzed surfaces (Figs. 4, 5) allow for an inter-
pretation of the skeletal growth dynamics resolved in both
time and space at the ultra-structural level. There are two
main ultra-structural components in the coral skeleton.
Traditionally, these two types of structures have been
referred to as “centers of calcification” (COC) and ‘fibers’,
respectively. In the following, we use the nomenclature in
which COCs are referred to as Rapid Accretion Deposits
(RAD) and fibers are referred to as Thickening Deposits
(TD) following Stolarski (2003) (also used in Brahmi et al.
2010; Budd and Stolarski 2011; Janiszewska et al. 2011);
c.f. ESM for more detailed discussion.

In the wall at the tip of the corallite (Fig. 4a), the 3°Sr-
labeled RAD zones are thicker and distances between them
are much larger than in the adjacent TD structures. In the
spine (Fig. 5e), the ®°Sr-labeling is discontinuous and
the growth rate significantly lowers, demonstrating that the
skeletal growth is a highly heterogeneous process, both
temporally and spatially. If skeletal growth had been sub-
stantially disturbed, or stopped, during the labeling process,
this would clearly leave a mark in the ultra-structure, which
we have not observed in the many sections of these corals
that we have studied.

Average extension rate determinations
at the ultra-structural length scale

The techniques described here allow for a comparison
of average extension rates between the ultra-structural

components during and between labeling events, in differ-
ent parts of the skeleton (Fig. 6). Caution is required in the
interpretation of such images (Figs. 4, 5). Depending on the
orientation of the cut surface relative to the orientation of
the labeled ultra-structures (perpendicular vs. tangential,
revealed by SEM), different interpretations of the growth
dynamics might be obtained. For example, each of the three
86Sr-labeling events exhibited in Fig. 4 lasted precisely
48 h and were separated by 5 days. The first %®Sr-label,
which is deepest inside the skeleton, is relatively continuous
but does not include RAD structures. This **Sr-label is only
recorded in TD structures (c.f. Fig. 4a—c) that, judging from
the SEM image and the width of the 3°Sr-labeled layer, were
cut perpendicularly by the sectioning of the corallite. The
second %°Sr-label includes both TD and RAD regions, the
latter being distinctly visible in the corresponding SEM
image (Fig. 4c—e). Finally, the last ®*Sr-label in Fig. 4a is
also exclusively captured in TD structures, with some loss
of labeled skeleton at the upper left and top surface of the
structure during sample preparation.

The 56Sr-labeled RAD structure is significantly wider
than the labeled TD layers, indicating substantially faster
growth, consistent with the term ‘Rapid Accretion Depos-
its’ to describe these structures (Stolarski 2003). A similar
relationship between the extension rate of TD and RAD
structures is evident in Fig. 5, showing that the inference
about faster average extension of RAD relative to TD is
robust and not an artifact created by the orientation of the
section.

Average extension rates of RAD and TD were quantified
by measuring the width of the 3°Sr-labels and the unlabeled
layers in-between, in the directions indicated by arrows in
Figs. 4 and 5. For the TD structure, a total of 240 mea-
surements in Figs. 4a and 5a were combined to yield an
average of 4.1 (£2.3) (SD) pum/day. For the RAD, six
measurements yielded an average of 18.3 + 3.6 (SD) pum/
day, a factor of ~4.5 times that in TD. Despite the vari-
ations, especially in the TD structures, the inferred differ-
ence in average extension rate between RAD and TD in
this part of the skeleton is significant.

Importantly, average TD extension rates inferred from
the skeleton formed between the labeling events, that is,
while the corals resided in the large aquarium with normal
seawater, are identical to the average TD extension rates
obtained in the labeled parts of the skeleton (Fig. 6). This
provides an indication that changes to the physicochemical
conditions (e.g., alkalinity and pH) during labeling did not
prevent the corals from producing skeleton. It should also be
noted that the average extension rates obtained are valid for
the apical part of the corallite and should thus be considered
maximum values for the coral during the experiment.

In the spine below the tip of the corallite, the average
extension rates were lower and more variable (Fig. Se—g).
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Fig. 4 Mosaic of NanoSIMS *°St/**Ca maps of the skeletal region
indicated in Figs. 3a and a;. Skeleton formed during growth in
seawater enriched in 3°Sr has enhanced 3°Sr/**Ca ratios by a factor of
~11.6 (line-scan inset in a) and appear orange-yellow in color. Blue
regions represent skeleton with normal %°Sr/**Ca ratio. All three
86Sr-labeling events are clearly visible (in the very apical part of the
skeleton in Fig. 4a the outermost layer was broken during sample

Interestingly, at these relatively low growth rates, the 86y
label became discontinuous and concentrated in ‘hotspots’.
This is qualitatively similar to the observations made by
Houlbreque et al. (2009) albeit on a different coral (Porites
porites).

Discussion

By dissolving 15 mg of %SrCOj; in 1 liter of seawater, the
total Sr-concentration increases by only a factor of ~2 (to
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preparation). Subsequent to NanoSIMS analyses, the surface of the
imaged region was lightly etched and SEM images (c, e) were
combined with the NanoSIMS mosaics (b, d). The location of
86Sr-enriched skeleton is outlined in red (e), with identification of
areas of Rapid Accretion Deposits (RAD, yellow dashed arrow) and
Thickening Deposits (TD, white dashed arrows)

~ 16 ppm), while the Sr/*®Sr ratio increases by a factor
of ~11.6. Thus, for a minor change in seawater chemistry,
a substantial change in Sr isotopic composition is achieved,
resulting in formation of coral skeleton with corresponding
86Sr-enrichments that can be imaged at high spatial reso-
Iution (<500 nm) using a NanoSIMS.

Cellular biomarkers are used to indicate variations in
the physiological condition of corals in response to envi-
ronmental change such as chemical pollution. To our
knowledge, this study is the first to use complementary
ecotoxicological assays to assess potential physiological
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Fig. 5 Mosaic of NanoSIMS *®Sr/**Ca maps of the skeletal region
indicated in Figs. 3b, b; and b,. Skeleton formed at the tip of the
corallite (a) during growth in *®Sr-enriched seawater appears orange-
yellow in color. Blue regions represent skeleton with normal ¥Sr/**Ca
ratio. In a only the last two %°Sr-labeling events were included in the
NanoSIMS map. Subsequent to NanoSIMS analyses, the surfaces of
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Fig. 6 Average extension rates (ium/day) measured in the Thickening
Deposits (TD) of the skeleton formed during the %6Sr-labeling events
and during the recovery periods. Data are presented for three different
analyzed areas from two nubbins as the mean (£SD). There is no
statistical difference between average TD extension rates during
periods of ®®Sr-labeling and during periods in normal seawater

stress at the cellular level for scleractinian corals during
skeletal labeling. Two non-specific stress cellular biomark-
ers were used (GST activity and porphyrin concentration),

the imaged region were lightly etched and SEM images (c, f) were
combined with the NanoSIMS mosaics in b, d and g along with
identification of Rapid Accretion Deposits (RAD, yellow dashed
arrow) and Thickening Deposits (TD, white dashed arrows). e-g show
a spine protruding from the coenosteum (i.e., between corallites) of a
nubbin, 4 mm below the growing tip (c.f. Fig. 3b, b,)

and a marker involved in the carbonate biomineralization
process (carbonic anhydrase activity).

An increase in glutathione-S-transferase (GST) activity is
an indication that the organism is under oxidative stress from
what it perceives as a toxic environment (Sies 1999). Shifts in
porphyrin concentration reflect changes in cellular metabo-
lism that can be related to stress (Thunell 2000). Carbonic
anhydrase (CA) enzymes are ubiquitous metalloenzymes
involved in carbonate biomineralization in invertebrates
(Wilbur and Jodrey 1956; Gaume et al. 2011). These enzymes
catalyze the reversible hydration of carbon dioxide into
bicarbonate ions and protons: CO, + H,0 < HCO35 + H*.
The involvement of CA in coral biomineralization was first
demonstrated by Goreau (1959) for Porites divaricata,
Cladocora arbuscula and Oculina diffusa and then confirmed
by subsequent studies (Isa et al. 1980; Furla et al. 2000;
Al-Horani et al. 2003). A o-CA enzyme was sequenced and
its expression localized to the calicoblastic epithelium of the
zooxanthellate coral Stylophora pistillata (Moya et al. 2008),
which is in direct contact with the skeleton and involved in the
carbonate formation processes. A decrease in CA activity
could signal a perturbation of calcification activity.
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All three assays are used in coral ecotoxicology to detect
a potential cellular stress in response to a chemical
toxicant. Increased GST activity and shifts in porphyrin
metabolism were demonstrated in Porites lobata (Downs
et al. 2006) and in P. damicornis (Rougée et al. 2006)
exposed to hydrocarbon petroleum (fuel oil). Decreased
carbonic anhydrase activity was reported in Montastraea
cavernosa (Gilbert and Guzman 2001), Acropora cervi-
cornis and Montastraea faveolata (Bielmyer et al. 2012) in
response to seawater contamination.

Our results showed no significant changes in GST
activities and in porphyrin concentrations between control
nubbins and *°Sr-labeled nubbins and nubbins exposed to
enhanced Sr-doses (Fig. 1, ESM Table 1). This biomarker
stability indicates that the coral was not experiencing
cellular stress by the addition of Sr to the seawater at the
levels applied in this study. Moreover, no evidence for
potential perturbations to the carbonic anhydrase-related
physiological processes involved in calcification was
detected during the 3°Sr-labeling experiment (Fig. 2, ESM
Table 1).

Several studies on zooxanthellate corals have demon-
strated a correlation between environmental stress and
changes in photosynthesis yield of zooxanthellae symbi-
onts in response to decreasing seawater salinity (Downs
et al. 2009) and to contamination with cyanide (Jones and
Hoegh-Guldberg 1999) or copper (Bielmyer et al. 2012).
Our results showed no significant differences between
control and °Sr-labeled nubbins, indicating that exposure
to enhanced Sr-concentrations (and enhanced 86Sr) does
not affect the photophysiology of the coral symbionts.

In summary, results of the complementary ecotoxicity
assays indicate that fundamental biological processes in the
corals were not affected by the addition of Sr (or 86Sr) to
the seawater during labeling.

Our combined NanoSIMS and SEM observations of the
8Sr-labeled skeletal microstructure of P. damicornis
indicate that there is a significant difference in average
extension rates of RAD and TD. The average RAD
extension rate is 18.3 & 3.6 (SD) um/day, a factor of ~4.5
higher than the average extension rate of 4.1 £ 2.3
(SD) um/day inferred for TD, suggesting different cellular
level activities associated with the formation of each ultra-
structural component. Shorter (i.e., subdaily) *°Sr-labeling
periods would allow a more detailed determination of the
spatial and temporal heterogeneity of skeletal formation,
which was detected with SEM in Acropora cervicornis and
P. damicornis (Gladfelter 1983; Le Tissier 1988).

The three biomineralization fronts visualized by growth
in ®Sr-enhanced seawater are each equivalent to 48 h of
growth and are separated by 5 days of growth in unlabeled
natural seawater. These growth fronts appear continuous
in the fastest-growing apical part of corallum wall, but
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discontinuous with a hotspot distribution in the spine.
A similar ‘hotspot’ growth front was observed by Hou-
Ibreque et al. (2009) in a slow-growing Porites porites
coral, after %°Sr labeling for 72 h. In the situation where the
exposure to the **Sr-enriched seawater is short compared to
the local growth rate, the result is apparently a discontin-
uous or hotspot-type of *°Sr labeling in the skeleton. This
suggests that the biomineralization front is a highly
dynamic interface, where skeletal formation takes place on
lateral length scales of about 5 um along the interface. This
typical 5-um length scale hints that the growth process
might be strongly linked to cellular activity in the cali-
coblastic cell layer (Clode and Marshall 2002; Tambutté
et al. 2007b) and/or spatial organization and composition of
the skeletal organic matrix (Johnston 1980).

An important general objective in our efforts to develop
this method is to find the balance between experimental
cost and experimental conditions that allows the organism
to biomineralize under essentially unperturbed conditions.
The experiments are relatively costly because of the price
of purified stable isotopes and the cost of NanoSIMS
analyses. It is therefore of interest to identify the minimum
isotopic labeling dose and the minimum experimental
volume of seawater, which allows the label to be incor-
porated into the skeleton at levels high enough to be easily
imaged by the NanoSIMS, without imposing severe per-
turbations of the biomineralization processes.

In the experiments presented here, it is obvious that a
seawater *°Sr-enhancement by a factor of about 10 is more
than enough to make the label in the skeleton easily
observable with the NanoSIMS. It would be possible to
label with substantially lower **Sr-enhancements.

Another important issue is the volume during labeling.
A balance has to be struck between a small volume that
minimizes the costs of the experiment (with ecotoxicology
replicates) but is large enough that the physicochemical
conditions, such as alkalinity and pH, do not change too
much during the labeling event. In this study, a relatively
small volume of 250 ml *®Sr-labeled seawater was used.
While there is no doubt that alkalinity drops during a 48-h
labeling period due to the calcification process, our
observations do not indicate that these changes had a strong
negative effect on the biomineralization processes.
Importantly, the average skeletal extension rates in the TD
are statistically indistinguishable between the 48-h labeling
periods in the beakers and the 5-day recovery periods in
unlabeled, flow-through seawater in an outdoor water table
(Fig. 6). Additionally, levels of GST activity and porphyrin
concentration (ESM Table 1) fall within the range of
background levels measured in P. damicornis nubbins
maintained in open seawater systems (data not shown).
Furthermore, ‘test-runs’ with similar nubbins of the same
species in the exact same experimental conditions indicated
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that the pH of the solution dropped by a maximum of 0.2
units, which is within the range of natural daily fluctua-
tions. So, in the experiments presented here, although the
250-ml volume is likely close to the lower limit for a 48-h
labeling experiment, the average skeletal extension rates
were not affected and no growth stops were observed in the
resulting skeleton.

Nevertheless, in future experiments, it is recommended
larger volumes of seawater and/or shorter labeling time-
scales be used in order to minimize potential stress can be
minimized. With this in mind, the method developed here
is easily expandable to a wide range of marine organisms,
using a variety of stable isotope systems depending on the
natural chemical composition of the biocarbonates, and
can be used to access the growth dynamics under different
environmental conditions (pollution, acidification etc.) at
high temporal and spatial resolution. Non-marine organ-
isms that form skeletons, teeth, bones etc. can also be
studied by these techniques, provided that the uptake of the
isotopic label can be facilitated via the substrate on which
the organism lives or through its nutrition.
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