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Abstract

Understanding the evolution of scleractinian corals on geological timescales is key to pre-
dict how modern reef ecosystems will react to changing environmental conditions in the
future. Important to such efforts has been the development of several skeleton-based crite-
ria to distinguish between the two major ecological groups of scleractinians: zooxanthel-
lates, which live in symbiosis with dinoflagellate algae, and azooxanthellates, which lack
endosymbiotic dinoflagellates. Existing criteria are based on overall skeletal morphology
and bio/geo-chemical indicators—none of them being particularly robust. Here we explore
another skeletal feature, namely fine-scale growth banding, which differs between these
two groups of corals. Using various ultra-structural imaging techniques (e.g., TEM, SEM,
and NanoSIMS) we have characterized skeletal growth increments, composed of doublets
of optically light and dark bands, in a broad selection of extant symbiotic and asymbiotic cor-
als. Skeletons of zooxanthellate corals are characterized by regular growth banding,
whereas in skeletons of azooxanthellate corals the growth banding is irregular. Importantly,
the regularity of growth bands can be easily quantified with a coefficient of variation
obtained by measuring bandwidths on SEM images of polished and etched skeletal sur-
faces of septa and/or walls. We find that this coefficient of variation (lower values indicate
higher regularity) ranges from ~40 to ~90% in azooxanthellate corals and from ~5 to ~15%
in symbiotic species. With more than 90% (28 out of 31) of the studied corals conforming to
this microstructural criterion, it represents an easy and robust method to discriminate
between zooxanthellate and azooxanthellate corals. This microstructural criterion has been
applied to the exceptionally preserved skeleton of the Triassic (Norian, ca. 215 Ma) sclerac-
tinian Volzeia sp., which contains the first example of regular, fine-scale banding of thicken-
ing deposits in a fossil coral of this age. The regularity of its growth banding strongly
suggests that the coral was symbiotic with zooxanthellates.
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Introduction

The ecological success of modern, shallow water reef-building corals is, for a large part, attrib-
uted to their symbiosis with Symbiodinium spp. dinoflagellates (zooxanthellae). On one hand,
endosymbiotic zooxanthellae support the metabolism of their coral hosts by delivery of photo-
synthesis-derived nutrients through rapid translocation processes [1,2]. This allows corals to
thrive in nutrient-poor tropical waters [3,4]. Moreover, the dinoflagellates have been shown to
indirectly support coral biomineralization [4], and thus contribute to the phenomenon of light
enhanced skeletal formation (light-enhanced calcification [5-9]). On the other hand, symbiont
dinoflagellates find protection and moderated light conditions in the coral tissue and receive
metabolically recycled products of coral metabolism [10,11].

Symbiosis between scleractinians and zooxanthellae has played an important role in evolu-
tion of reef ecosystems since Late Triassic [12,13]. Reef ecosystem collapse during mass extinc-
tions have been linked with loss of dinoflagellate algae (bleaching), while subsequent recoveries
have been linked to the renewal, or recovery of the symbiotic relationship [14-16]. Under-
standing how this symbiotic relationship has evolved in the past is crucial for paleoenviron-
mental reconstructions, for interpreting fluctuations in reef formation rates, and form part of
the basis for long-term predictions of the fate of present day reefs under changing environmen-
tal conditions.

The main challenge in identification of coral symbiosis in the fossil record is that direct evi-
dence for the presence or absence of endosymbionts is not preserved. Therefore indirect evi-
dence (proxies) of their presence (or absence) must be developed. For example, it is commonly
assumed that due to light requirements for photosynthesis, the presence of zooxanthellae is
restricted to the shallow photic zone, whereas azooxanthellate corals that do not have the same
light constraints can live in deep-water environments. However, due to special adaptations,
e.g., fluorescent pigments in Leptoseris fragilis, some symbiotic corals can live nearly at the
edge of the photic zone, below 200 meters [17-19]. On the other hand, a number of azoox-
anthellate species like Tubastraea micranthus or Astroides calycularis inhabit exclusively shal-
low-waters [20].

In order to differentiate symbiotic and asymbiotic corals, several skeleton-based criteria
have been proposed, all of which are based on comparisons with skeletal features of their mod-
ern representatives:

(1) Overall skeletal morphology. Coates & Jackson [21] suggested that the presence of zoo-
xanthellae is reflected in the morphology of coral skeleton. Symbiotic corals often have
corallites of small size and form highly integrated colonies (e.g., meandroid or thamnas-
terioid colonies) with large parts of the surface covered by coenosarc (interpolypoidal tis-
sue) [14]. On the other hand, species lacking zooxanthellae preferentially form solitary
coralla or poorly integrated colonies (i.e. with little or no connecting tissue) and have
larger corallites; e.g., phaceloid growth forms [22]. However, there are several exceptions
to this criterion. For example, the symbiotic corals Fungia and Cynarina form large, soli-
tary coralla, and some asymbiotic-corals form well-integrated colonies composed of rela-
tively small corallites: e.g. Astrangia poculata (cerioid) or Astroides calycularis (plocoid)
[23-26]. This morphological criterion alone is therefore not enough to robustly distin-
guish fossil symbiotic vs. non-symbiotic corals and must be complemented by additional
indicators.

(2) Geochemical criteria. Skeletons of symbiotic and asymbiotic corals exhibit differences in
their isotopic signatures [27]. Quite strong and positive correlations between skeletal car-
bon (5'*C) and oxygen (8'%0) isotopic compositions are observed for asymbiotic corals,
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whereas such correlations are much weaker or absent in symbiotic coral skeletons [28,29].
In addition, intraskeletal organic matrix (OM) extracted from skeletons of symbiotic cor-
als exhibits different nitrogen isotopic composition (§'°N) compared with OM from
asymbiotic coral species [30].

(3) Biochemical criteria. Zooxanthellate and azooxanthellate corals differ in composition of
intra-skeletal organic matrix [31,32,33]. Relative concentration of some amino acids and
sugars differs depending on presence or absence of photosymbionts [31].

Although, both bio- and geochemical features hold great potential to identify symbiosis,
their application to fossil skeletons is reasonable only with exceptionally well preserved sam-
ples. This is extremely rare because both the aragonite skeleton and its organic matrix are
highly vulnerable to secondary alteration [34,35]. Even skeletons considered ‘exceptionally well
preserved’ might in fact contain nanometer scale diagenetic features that alter the original
chemical and isotopic compositions [36].

(4) Microstructural criteria. In contrast, microstructural features of coral skeletons can be
observed in fossil corals that are not entirely recrystallized, which includes many species
recovered from sediments as old as Triassic [37,38]. It has been suggested that symbiotic
and asymbiotic corals can be distinguished on the basis of microstructure of thickening
deposits (traditionally referred to as fibers) [39]. Because skeletal growth of symbiotic cor-
als is affected by the diurnal, cyclical activity of photosymbionts, one could expect that
their skeletal growth increments will be characterized by a high degree of regularity. On
the other hand, growth increments formed by asymbiotic corals, which are not (or less
directly) affected by the diurnal cycle, might be less regular.

To date, a microstructural criterion based on skeletal growth increments has not been sys-
tematically developed or tested. Moreover, basic aspects of fine-scale growth banding, such as
correlation with geochemical observations, have not been satisfactorily documented and
explained. Here we present systematic observations of structural characteristics of micro-scale
banding of a large suite of extant symbiotic and asymbiotic corals. Examination of samples
from both shallow- and deep-water settings, and from geographically diverse localities lends
credibility to the use of a microstructural criterion for distinguishing between zooxanthellate
vs. azooxanthellate corals and application of this criterion to the fossil coral record.

Material

Material used in this study consisted of skeletons of modern (i.e., alive until sampled) corals
and one fossil specimen. Skeletons of modern corals selected from different museum collec-
tions represent zooxanthellate and azooxanthellate species (all taxonomic, locality and depth
data are listed in S1 Table). Similar number of modern zooxanthellate (14 genera represented
by 16 species) and azooxanthellate (13 genera represented by 13 species) taxa were selected for
microstructural analyses. Selected corals represent all 3 major clades of Scleractinia: Basalia,
Complexa, and Robusta that, except of solely azooxanthellate Basalia, include both zooxanthel-
late and azooxanthellate representatives. Extant zooxanthellate Madracis decactis (Lyman,
1859), Mussismilia hispida (Verrill, 1901) and azooxanthellate Phyllangia americana Milne-
Edwards & Haime, 1849, and Tubastraea tagusensis Wells, 1982 were collected specifically for
this study (authorized by Brazilian Environmental Ministry under the IBAMA permit #36717-
1 (15-10-2012), CITES permit #13BR011219/DF) from a restricted area (ca. 5m?) at ITha dos
Buzios island (Brazil). In the present study we also used remarkably well-preserved fossil skele-
ton of Volzeia sp., collected from lower Norian outcrops of the Lycian Taurus (near Gédene,
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Alakir Cay Valley, Antalya province, Turkey) [40]. All examined coral samples are housed at
the Institute of Paleobiology, Polish Academy of Sciences, Warsaw (abbreviation ZPAL).

Analytical techniques

Optical Microscopy [allows quick assessment of the organization of ultrastructural compo-
nents of coral skeleton under transmitted-light]: Polished sections were examined using a
Nikon Eclipse 80i transmitted light microscope fitted with a DS-5Mc cooled camera head.
Observations were conducted in transmitted and polarized light at the Institute of Paleobiol-
ogy, Warsaw, Poland.

Scanning Electron Microscopy (SEM) [provides high-resolution support of optical micros-
copy and allows obtaining more detailed information about textures of crystals in the thicken-
ing deposits]: Polished sections were lightly etched in Mutvei’s solution following described
procedures [41], and then rinsed with Milli-Q water and air-dried. After drying, the specimens
were put on stubs with double-sticking tape and sputter-coated with conductive platinum film.
Analyses were made using a Phillips XL20 scanning electron microscope at the Institute of
Paleobiology, Warsaw, Poland.

Transmission Electron Microscopy (TEM) [allows investigation of the nano- and micro-
structural characteristic of skeletal fibers as well as their crystallographic orientation]: Samples
(ultra-thin foils) cut from the middle of the septa, were prepared using a FEI Helos Nanolab
600 dual beam machine equipped with Omiprobe nano-manipulator. Before FIB (focused ion
beam) processing, the polished sections were covered by a 10nm thick platinum layer deposited
by sputtering in a line across the region to be extracted. The selection of the exact area for FIB
processing was performed by correlation with optical microscopy images. A 30kV Gallium ion
beam was used to extract the skeleton lamella. Final thinning was performed on lamellae glued
to the copper grid using 2KV acceleration voltage for the Ga™ ions. Transmission electron
microscopy was performed at the Institute of Physics, Warsaw, Poland in STEM and TEM
mode using FEI Titan 80-300 microscopes equipped with image corrector operating at 300 kV.
For the STEM mode, the HAADF detector was used with a camera working distance of
360mm, which gives mixed diffraction like/chemical contrast.

Wavelength Dispersive Spectroscopy [used in order to determine spatial distribution of
magnesium within fibrous part of the skeleton]: elemental X-ray mapping were acquired on a
Cameca SX-100 electron microprobe at the Micro-area Analysis Laboratory (Polish Geological
Institute, Warsaw) using described procedures [42]. The following conditions were used during
stage scans: 15kV (accelerating voltage), beam current 5nA (for Calcium) or 20nA (for other
elements), 60msec (pixel dwell-time), ca. 1pum raster step size, and 512 x 512 pixels. Specimens
were coated with carbon of ca. 2nm thickness.

NanoSIMS [provides high-resolution spatial distribution of magnesium in thickening
deposits of the coral skeleton]: The distribution of magnesium (**Mg/**Ca) was performed at
the Laboratory for Biological Geochemistry (EPFL, Lausanne, Switzerland) on polished
(0.25mm diamond suspension) and gold-coated (20nm) skeletal surfaces embedded in epoxy
with the Cameca NanoSIMS 50L, following established procedures [43,44]. A primary beam of
O (40-50pA) produced secondary ions of **Mg* and **Ca* that were transferred to the multi-
collection mass-spectrometer and detected simultaneously in electron multipliers at a mass
resolving power of ~5000. At this mass-resolving power, the measured secondary ions are
resolved from potential interferences. First, spot-analyses were obtained from a pre-sputtered
surfaces with the primary ions focused to a spot-size of ~800nm and the primary beam stepped
across the sample surface with a step-size of 5 micrometers. The measured **Mg/**Ca ratios
were calibrated against analysis of a carbonate standard of known composition (OKA-C, [45]).
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The chemical variations recorded in the coral skeletons are much larger than both the internal
and external reproducibility of the standard, which are typically less than 3% (2 standard devia-
tions) for Mg/Ca in this analysis mode. Second, images of the Mg/Ca distributions were also
obtained with the primary beam focused to about 450nm, typically on 40 x 40 mm? surface
areas with 256 x 256 pixels, and a pixel dwell-time of 5000 microseconds.

Cathodoluminescence Microscopy (CL) [a simple method used to determine spatial distri-
bution of primary and secondary calcium carbonate polymorphs (aragonite and calcite respec-
tively) within fossil coralla]: Cathodoluminescence of the skeleton of the Triassic Volzeia sp.
was examined with a hot cathode microscope HC1-LM at the Institute of Paleobiology, Polish
Academy of Sciences, operated with an electron energy of 14keV and a beam current density of
0.1pA mm™>.,

Raman Microscopy [allows achieving high-resolution spatial distribution of calcium car-
bonate polymorphs within coral skeleton; verifies CL observations]: Raman maps of the Trias-
sic Volzeia sp. skeleton were recorded at the Department of Chemistry, University of Warsaw,
Poland with a LabRAM HR Raman confocal microscope (Horiba JobinYvon) equipped with a
LPF Iridia edge filter, a 600 or 1800 groove mm™" holographic grating and a 1024 x 256 pixel
Peltier-cooled Synapse CCD detector. The microscope attachment was based on an Olympus
BX41 system with an MPLN100x objective and a motorized, software-controlled x-y-z stage.
The excitation source was the second harmonic of the diode-pumped Nd:YAG laser (Excel-
sior-532-100, Spectra-Physics) operating at 532.3nm with ca. 2mW power on the sample. The
Raman spectra were recorded from selected area with 1pum x 1um spatial resolution at 1s inte-
gration time. Polymorphs of calcium carbonate show various bands attributable to internal
mode vibrations of the carbonate ion and rotational and translational lattice modes. For arago-
nite, the most intense peak appears at 1085cm ", which is assigned to the symmetric stretching
mode of the carbonate ion. The same band for calcite is only slightly shifted towards higher
energy. A characteristic doublet assigned to the in-plane bending mode of CO;*>" anion is seen
at ca. 701 and 705cm’" in the spectrum of aragonite. These peaks are absent in calcite. Instead,
a single band is observable at 711cm™. The most convenient signals allowing identification of
the polymorph are grouped in the 100cm™'-300cm™ region. These peaks, associated with lat-
tice vibrations, appear at 205cm ™" and 153cm’" for aragonite. For calcite, the bands can be
found at 281 cm ™' and 154 cm™. The maps were extracted from raw Raman data through a
direct classical least squares (DCLS) modeling procedure performed on the multidimensional
spectral array. At each spectrum within the array the DCLS modeling procedure finds a linear
combination of the reference component spectra that best fits the data. The reference spectra
were selected from the raw data at specific positions where only aragonite or calcite were pres-
ent, respectively.

Analysis of growth band regularity: Thickness of growth increments was measured along
individual fibers on SEM photomicrographs of polished and etched surfaces of septa and walls
(illustrated in Fig 1) for species of both modern zooxanthellate and azooxanthellate corals,
listed in S1 Table. For each specimen the mean value (u), standard deviation (o) and coefficient
of variation (CV) (i.e. ratio of the standard deviation o to the mean ; CV = op) of the mea-
sured growth band widths were obtained (20 measurements per distinct bundles of fibers).
Regularity of growth bands was compared using the CV. The t-test was used to assess the dif-
ferences in banding regularity between zooxanthellate and azooxanthellate groups—the null
hypothesis is that there is no difference in regularity of micro-scale growth bands between
these two ecological groups of corals. The results were considered as statistically significant at
the 0.05 level. All statistical analyses were conducted using Past 3.07 software [46].
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Fig 1. Macro- (A) and microscale (B-C) organization of extant scleractinian skeleton (Goniastrea stelligera ZPAL H.25/47) and methodology to
measure the growth increments (D). Distal view of colony (A) from which a fragment (red rectangle) was thin-sectioned (B). Thickening deposits show
doublets of optically light and dark bands (c, optical microscope). Thickness of growth bands (D, SEM after light etching) is measured along individual fibers
(white-dashed line) and consistently at the beginning and end of each zone with positive etching relief (red segments).

doi:10.1371/journal.pone.0147066.g001

Results
Recent scleractinians

Coral skeletons are structurally characterized by two main components: 1) Rapid Accretion
Deposits (RAD, traditionally referred to as Centers of Calcification), which represent about
2-5 volume % of the skeleton and in transverse thin sections are recognizable as optically dark
spots or narrow, continuous regions [39,47,48,49]. 2) Thickening Deposits (TDs; traditionally
referred to as “fibers”), representing the vast majority of the skeletal volume [39], and exhibit-
ing fine-scale growth banding [46], which is best visible in sections made parallel to the growth
axis of TDs, i.e., in transverse sections of skeletal structures (usually septa, but also massive
walls). First, in order to study the structural and chemical features of growth banding, a num-
ber of corals with particularly well developed banding were characterized using an array of
microscopic imaging techniques.

Structure and geochemistry of growth bands. Skeletons of several coral species were
selected to obtain in-depth characterization of TDs. The skeleton of zooxanthellate coral
Goniastrea stelligera shows simple organization of TDs (Fig 2): large bundles of fibers are ori-
ented perpendicular to the skeletal surface. Fibers within individual bundles have ordered crys-
tallographic structure (Figs 2A, 2D and 3A) [50]. Regular growth increments are usually
3-6um wide, each consisting of a doublet of optically light and dark bands assumed to repre-
sent daily growth increments [51,52,53]. Micro-scale bands are usually easy recognizable in
normal transmitted light and Nomarski Interference contrast improves their detection in
polarized light (Fig 2D). SEM micrographs of lightly etched skeletal samples show regular etch-
ing relief with intercalating negatively and positively etched layers. Layers darker in transmitted
light correspond to regions with negative etching relief (Fig 2B, 2C, 2E and 2F). Conversely,
optically light layers show positive etching relief. Progressively etched surfaces show also that
fibers are generally continuous between growth layers, but appear to narrow and eventually
become discontinuous with prolonged etching of dark layers (Fig 3E).

To visualize smaller-scale structure of the growth bands, several FIB thin-sections were
extracted from the banded regions of thickening deposits (Figs 2 and 3), containing 2 to 5
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Fig 2. Structure of banded TDs in skeleton of extant zooxanthellate coral Goniastrea stelligera (ZPAL H.25/47). Transmitted light microscopy
(polarized A, normal light B, E, and Nomarski Interference Contrast D), and corresponding Scanning Electron Microscopy images (SEM; polished and etched
section, C, F). Fibers within individual bundles have ordered crystallographic structure producing complete light extinction every 90° during rotation of the
section in polarization microscope. Darker layers within Thickening Deposits (TD) in transmitted light (e, red arrows) correspond to regions with negative
etching relief (F). Conversely, light layers show positive etching relief. There are ca. 6 bands (E—F) in the region from which FIB thin section was extracted
(about 3 that should occur in the TEM examined section, G). TEM bright field image of FIB lamella (G) with few relatively large monocrystalline fibers
(contrast related to different orientation of fibers); yellow frames mark enlarged areas (H, I, J, K). On the fibers boundaries (yellow arrows in J) occur voids
(ca. 10-65nm in length, red arrows in J) that most likely represent organic material inclusions trapped between growing fibers. Enlarged regions of fibers (I, K,
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L) show numerous nano-voids (ca. 10—40 nm long and 1-2 nm wide), which are perpendicular to c-axis of aragonite fibers. Distance between nano-voids in
fiber's c-axis direction is ca. 10nm (e.g., red bars in K). All diffraction peaks on FFT of image (insert in L image) where indexed within the orthorhombic
symmetry system (space group Pmcn (62)) with lattice parameters a = 4.9623A, b = 7.968A, ¢ = 5.7439A.

doi:10.1371/journal.pone.0147066.9002

Fig 3. Structure of banded Thickening Deposits in skeleton of extant zooxanthellate coral Goniastrea stelligera (ZPAL H.25/47). Transmitted light
microscopy (polarized A, normal light D, and corresponding Scanning Electron Microscopy images (SEM; polished and etched section, B, E). TEM bright
field (BF) images (C, F, G) of 21.5um long FIB lamella (yellow rectangle marks approximate position on etched polished section near border of “FIB crater”).
Composite image of FIB lamella (G) consists of aligned of 7 individual images. The contrast difference is related to variation of the lamella thickness; image
contrast and clarity of image drops with the lamella thickness. Orientation of FIB lamella is approximately parallel to c-axis of aragonite fibers which can be
distinguished due to differences in orientation (boundaries of some fibers marked with yellow arrows in C, F); length of most of fibers exceeds 10 um which is
consistent with SEM images. STEM-HAADF image (F) of the thinnest part of lamella (frame in g); camera length was fixed to 360mm and contrast is related
to elastically scattered electrons i.e., orientation of the crystals and average local thickness. The black dots correspond to the voids into structure (C,
enlarged part of F). Density of voids is not homogenous—dotted-line in F was subjectively drawn to distinguish zone with particularly numerous voids and
zone with relatively few voids. Voids (especially in region right to the dotted line) are also present in monocrystalline fibers suggesting encapsulation of
organic material during fiber grow. Region rich in voids most likely corresponds to darker zones in optical microscope: light scattering by voids and by
smaller-size crystals differs from that of long monocrystalline fibers. Also etching of defective zone is faster that may explain differences in etching relief of
darker vs. lighter banding.

doi:10.1371/journal.pone.0147066.9003
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growth bands (see Figs 2E-2G, 3B, 3E and 3G). At first glance, TEM bright field images of FIB
lamellae do not show any clear banding pattern within fibers. Fibers consist of relatively large
monocrystals that, due to slightly different crystallographic orientation (a-b axes), exhibit con-
trast differences in bright field TEM images (e.g., Figs 2G, 2], 3F and 3G).

At higher magnification, several voids (ca. 10-65nm in length) are visible, especially at fiber
boundaries (Fig 2], yellow arrows). Enlarged images of fibers (Fig 2I, 2K and 2L) also reveal
much smaller and numerous voids (ca. 10-40nm long, 1-2nm wide, and separated from each
other by ca. 10nm in the c-axis direction) that are oriented perpendicular to the c-axis of arago-
nite fibers. A heterogeneous distribution of micro-scale voids could be observed in the thinnest
part of longer FIB lamella (Fig 3G). In this region, a zone with numerous voids (Fig 3F, right to
the dotted-line) and a zone with rare voids (left to the dotted line) were observed. The region
with numerous voids seems to correspond to the negatively etched zone in SEM, although the
boundary between these two structural regions can be difficult to distinguish.

In addition to structural banding, a distinct micro-scale zonation in Mg-distribution
(24Mg/44Ca) was observed, e.g., in skeletons of zooxanthellate Lobactis scutaria and Pocillopora
damicornis (Fig 4A and 4F, NanoSIMS mapping) and Cynarina lacrymalis (Fig 4E, WDS map-
ping). The layered structure of TDs in P. damicornis is well organized (Fig 4G) allowing precise
correlation of structural and geochemical images: regions with relatively high Mg concentra-
tion correspond to negative etching relief (etching performed after NanoSIMS analysis),
whereas regions with positive etching relief are relatively low in Mg concentration (Fig 4F-4I).

Growth band regularity in zooxanthellate and azooxanthellate corals. All coral samples
examined in this study exhibited the typical micro-scale organization of the skeleton with cen-
tral regions of septa consisting of RAD (examples Figs 5A, 5B, 5G, 5H and 6A) and the main
skeletal mass formed by TDs. At glance, TDs of zooxanthellate corals showed regular banding
(typical spacing ca. 4-6pum; Fig 5) whereas such patterns were not obvious in azooxanthellate
corals (Fig 6). In zooxanthellates, individual layers usually have similar thickness (e.g., S. valen-
ciennesii in Fig 5B and 5E), growth layers are continuous over larger portion of TDs (e.g., P.
porites (Fig 5H, yellow dotted line). Less regular incremental bands in symbiotic corals L. fragi-
lis and M. decactis (S2A and S1B Figs) are exceptions.

Conversely, and by direct comparison, banding in the vast majority of the studied azoox-
anthellate coral skeletons is clearly irregular (Fig 6). Differences in thickness occur between
adjacent layers as well as within single bands, with thickness ranges from ca. 1um (e.g., P. pul-
chellus in Fig 6K) to several/dozens of um (e.g., L. pruvoti in Fig 6R). The layers are often dis-
continuous, illustrated in the skeleton of C. inornata (red dotted line in Fig 6]) and P.
americana (white dotted line in S2C Fig). As the only exception, the TD banding of azoox-
anthellate T. tagusensis is regular and continuous over larger portions of the skeleton (52D
Fig).

Triassic scleractinian

Transverse thin-sections of the skeleton of the phaceloid Volzeia sp. show well-preserved
microstructural details: RADs (green arrow) and TDs (yellow arrow; Fig 7A). Close-up of the
corallite wall reveals partially preserved banding pattern (Fig 7B), which is the first case of dis-
tinct micro-scale banding within TD deposits illustrated in Norian (Triassic) corals [33].
Regions of TDs within the same thin-section, but without banding, are also observed (blue
arrow in Fig 7A). Secondary calcite (green color in Raman map and red luminescence in CL
image; Fig 7D, 7E, 7H, respectively) fills the RADs structure. Fibrous parts of the skeleton are
composed predominantly of aragonite (blue on Raman map and black in CL image), and only
small regions within TDs are partly calcitic-calcite appears as alterations between aragonite
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Fig 4. Some geochemical and structural features of regularly banded TDs of extant zooxanthellate corals. (A) The distribution of magnesium
(®*Mg/**Ca) in TDs of L. scutaria (ZPAL H.25/49); NanoSIMS image—mapped regions marked with red rectangles in B (thin-section in transmitted light).
Blue colors correspond to relatively low Mg concentrations; red to yellow colors correspond to increasingly high Mg concentrations. (d) NanoSIMS profile of
Mg/Ca across banded region of TDs (profile region marked with yellow line in A). (C,E) Transverse section of the skeleton of C. lacrymalis (ZPAL H.25/43) in
transmitted light (C), and mapped with Wavelength Dispersive Spectroscopy technique (E) to show distribution of Mg. Consistent with the NanoSIMS maps,
layers of the fibrous skeleton (TDs) exhibit micro-scale zoning in Mg concentration. The distribution of Mg in P. damicornis (ZPAL H.25/54) skeleton
visualized with NanoSIMS (F), the corresponding skeletal ultrastructure (g, etched polished section of the region imaged in F), and the two images
superimposed (H). Enlarged part of H (I, encircled) suggests that regions showing negative etching relief are enriched in Mg (white arrows in I).

doi:10.1371/journal.pone.0147066.9004

crystals (Fig 7C-7E and 7H). High Mg content is observable in RADs zones as secondary cal-
cite infilling, in secondary calcite alterations between aragonite crystals, but also-with lower
concentrations and similar to extant corals-as regular Mg banding within aragonite fibers (Fig
7G). Regular growth layers, similar to those observed in transmitted light, are visible in lightly
etched sections in SEM (Fig 7F). Individual layers have similar thickness and are continuous
over larger portion of TDs: their mean thickness value is 10um and standard deviation is
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Fig 5. Regular banding of TDs in extant zooxanthellate corals. SEM micrographs of polished and etched skeletons of various zooxanthellate corals
(photographs are in pairs: upper and lower photo): (A,D) Goniastrea stelligera (ZPAL H.25/47), (B,E) Sympbhyllia valenciennesii (ZPAL H.25/57), (C,F)
Lobophyllia hemprichii (ZPAL H.25/50), (G,J) Pocillopora damicornis (ZPAL H.25/54), (H,K) Porites porites (ZPAL H.25/55), (I,L) Goniastrea retiformis
(ZPAL H.25/45), (M,P) Acanthastrea echinata (ZPAL H.25/42), (N,R) Galaxea fascicularis (ZPAL H.25/44) and (O,S) Merulina ampliata (ZPAL H.25/52).
Thickening Deposits form regular (red arrows) and continuous layers (e.g., yellow dotted line in H).

doi:10.1371/journal.pone.0147066.9005

PLOS ONE | DOI:10.1371/journal.pone.0147066 January 11,2016 11/21



D)
@ : PLOS | ONE Skeletal Banding in Symbiotic and Asymbiotic Scleractinian Corals

Fig 6. Growth increments of TDs in extant azooxanthellate corals. SEM micrographs of polished and etched skeletons of various azooxanthellate corals
(photographs are in pairs: upper and lower photo): (A,D) Bathelia candida (ZPAL H.25/59), (B,E) Cyathelia axillaris (ZPAL H.25/61), (C,F) Hoplangia durotrix
(ZPAL H.25/65), (G,J) Caryophyillia inornata (ZPAL H.25/60), (H,K) Paracyathus pulchellus (ZPAL H.25/68), (1,L) Desmophyllum dianthus (ZPAL H.25/62),
(M,P) Stephanocyathus paliferus (ZPAL H.25/70), (N,R) Leptopsammia pruvoti (ZPAL H.25/66) and (O,S) Gardineria sp. (ZPAL H.25/64). Thickening
Deposits form irregular (yellow arrows) and discontinuous layers (e.g., red dotted line in J).

doi:10.1371/journal.pone.0147066.9006
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40 umyl cacite 40 E aragonite and calcite

Fig 7. Regular growth increments of TDs and some mineralogical features of the skeleton of the Triassic (Lower Norian) Volzeia sp. from Alakir
Cay, Turkey (ZPAL H.21/26). Optical microscope images of transverse thin sections of the skeleton (A,B). Yellow rectangle in B indicates area selected for
micro-Raman (C-E) and cathodoluminesence microscope (H), black rectangle in B indicates area selected for SEM (F), and red rectangle in B indicates area
selected for WDS analysis (G). Regions of TDs with regular growth increments (enlarged in B) may co-occur with those without banding (blue arrow in A).
Micro-Raman maps of aragonite (C), calcite (D) and superimposed images of both polymorphs (E) extracted from raw Raman data through a direct classical
least squares (DCLS) modelling procedure. SEM micrograph (F) shows presence of regular growth layers (red arrows). WDS map (G) shows distribution of
Mg. White color corresponds to high Mg concentrations; black color corresponds to low Mg concentration. Red luminescence on CL image (H) corresponds
to regions composed of calcite, whereas the absence of luminescence corresponds to regions composed of aragonite.

doi:10.1371/journal.pone.0147066.9007

1.14um; all measurements were made in regions of the Volzeia sp. skeleton that showed band-
ing in original aragonite mineralogy.

Statistical analysis of growth increments

We used the coefficient of variation (CV) as a simple and easily obtainable measure of disper-
sion of band thickness variations among all studied corals (Fig 8, SI Table). With only one
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Fig 8. Statistical analysis of regularity of growth increments in modern and fossil Scleratinia. Plot illustrates relationship between regularity of
increments (expressed as coefficient of variation [%] of dispersion of values of bands thickness obtained from each skeleton) and presence/lack of
endosymbiotic algae. Thickness of growth bands was measured along individual fibers (red marks in image in the upper-right corner). Orange dots indicate
azooxanthellate corals, green squares are zooxanthellate corals, pink star is exceptionally well preserved fossil (Triassic) specimen from Antalya, Turkey.
Database of all measurements is givenin S1 Table.

doi:10.1371/journal.pone.0147066.9008

exception (out of 12), the CV for azooxanthellate corals ranges from ~40 to ~90% and indicates
moderate to high irregularity within examined skeletal regions. On the contrary, the vast
majority of examined zooxanthellate species (with only two exceptions out of 16) are character-
ized by low value of CV (~5 to ~15%), indicating that their growth increments are very- to
highly regular. When compared, there is significant difference of regularity between symbiotic
and asymbiotic groups of corals (¢ test, p<0.001). Nonetheless, some departures from this gen-
eral rule are observed in both ecological groups. Azooxanthellate T. tagusensis skeleton has a
CV about 6% and based solely on this parameter could be wrongly assigned as symbiotic coral.
The CVs obtained for two zooxanthellate corals, L. fragilis and M. decactis, are about 35% and
would thus (wrongly) suggest azooxanthellate character of these corals. Despite of these few
exceptions, the banding pattern in great majority (>90%) of examined corals differs distinctly
between zooxanthellate (CV<20%) and azooxanthellate corals (CV>40%). Coefficient of vari-
ation for the Triassic Volzeia sp. is about 11% that is consistent with regular banding of modern
zooxanthellate corals (Fig 8, pink star).

Discussion
Structural and geochemical characteristics of growth bands

Our observations confirm that fibers in extant scleractinian corals are aragonitic monocrystals
(often several tens of micrometers in length, e.g., Fig 3F and 3G) that pass without
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crystallographic disruption across regions corresponding to fine-scale optical banding
[50,51,52,53]. However, at higher magnification these fibers reveal zones with numerous voids,
which correspond to the negatively etched regions in SEM, and zones with rare voids, which
correspond to regions with positive etching relief in SEM (Fig 3F). Moreover, micro-scale Mg
(Fig 4) [43] and S [54] zonation within fibers was shown to have the same periodicity as struc-
tural banding. Correlating SEM structural and NanoSIMS Mg distribution images clearly
shows that regions exhibiting negative etching relief are enriched in Mg, whereas regions with
positive etching relief are relatively Mg-poor (Fig 4F-4I). This observation is consistent with
work by Motai et al. [55] who suggested that differences in elemental concentration are respon-
sible for different response to etching (different resistance to ion sputtering).

To date, there is no commonly accepted model of Mg incorporation in aragonite lattice in
scleractinian corals and it is unclear whether the carrier of Mg is organic phase or highly disor-
dered mineral phase. Finch & Allison [56] suggested that skeletal Mg can be organically com-
plexed and the voids within aragonite fibers documented in this study may represent such
originally Mg-rich organic phase inclusions. This interpretation may also explain the preferen-
tial etching of Mg-enriched zones because the presence of voids increases the surface area and
the rate of dissolution. Such preferential etching occurs also along the borders of individual
fibers, where larger voids are present, conceivable also representing organic material trapped
between growing fibers (Fig 2J). In addition to these ‘larger’ voids (about 100nm in size) we
also observed occurrence of much smaller nano-voids (ca. 10-40nm long, 1-2nm wide) regu-
larly separated from each other by ca. 10nm along the aragonite fiber c-axis (Fig 21, 2K and
2L). These nano-voids may represent intra-crystalline inclusions of organic macromolecules
that are directly involved in biomineralization process and which might be responsible for sys-
tematic deviations of the lattice parameters of biogenic aragonite with respect to reference
(non-biotic) aragonite [57,58]. These observations suggest that biological modulation of the
biomineralization process occurs at various length scales with rather smooth spatial transitions
that contribute to micro-scale skeletal phenomena.

Microstructural criterion of zooxanthellate symbiosis in modern and fossil scleractinian
corals. Observations made in this paper and in the literature [39,50,55,59] suggest that regu-
lar vs. irregular growth increments of thickening deposits in scleractinian corals can be linked
with the presence or absence of symbiotic algae. Two distinct groups of corals are distinguished
based on differences in regularity of growth banding (Fig 8; S1 Table): The first group, charac-
terized by low values of CV: ~5 to ~15% (regular banding) consists almost exclusively of zoox-
anthellate corals (green zone in Fig 8); the second group with high values of CV: ~40 to ~90%
(irregular banding) is formed primarily by azooxanthellate corals (yellow zone in Fig 8).

Several factors directly linked with presence of zooxanthellae may modulate calcification in
symbiotic corals in a diurnal manner resulting in regular day/night banding (S3 Fig). Among
them, the light-dependent circadian regulation of carbonic anhydrase (CA) genes expression
[60] may play an important role. The CA in zooxanthellate corals provides high amounts of
inorganic carbon to their intracellular symbionts stimulating their activity and also converts
metabolic CO, into the bicarbonate anion [61,62]. Other factors that may enhance daytime cal-
cification and which are directly related to photosymbiotic activity include: (i) increased supply
of photosynthetic oxygen [62,63,64] or (ii) H,O, [52,65,66], (iii) enhanced assimilation by the
zooxanthellae of phosphates (coral-metabolism derivatives) [67,68], which are considered as
inhibitors of calcification [69], (iv) photosynthesis-induced secretion of hydroxyl ions [70]
enhancing diffusion of H" ions from the calcification site and thus calcification, and (v) organic
matrix synthesis and the supply of precursor molecules as a result of photosynthetic activity
[71].
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Although the all above mentioned factors may contribute to the presence of regular banding
in skeleton of the majority of zooxanthellate corals (and lack of such regularity in majority of
azooxanthellate corals), the exceptions identified in this study (i.e., quite regular banding in
azooxanthellate shallow-water Tubastraea tagusiensis and relatively irregular banding in two
zooxanthellates: deep-water Leptoseris fragilis and shallow-water Madracis decactis) require
alternative explanation(s). A regular growth rhythm seems imposed on calcification process of
Tubastraea tagusiensis and, conversely, the normal diurnal calcification dynamics of two zoox-
anthellate corals seem to be down-regulated.

Heterotrophic feeding was shown to have positive influence on coral biomineralization
[72,73]. Thus, feeding at irregular or regular intervals may drive the irregular (or conversely, in
exceptional cases, highly regular) banding of azooxanthellate corals. Similarly, the observed
lack of regular growth increments in deep-water zooxanthellate L. fragilis may result from the
combination of irregular heterotrophic, filtratory feeding [74] and a weak diurnal cycle due to
the depth of its habitat. Experimental studies on zooxanthellate and azooxanthellate coral
physiology and feeding behavior may provide further understanding of the factors that control
the growth banding. The recently described night-time formation of thickening deposits [75]
might represent another factor that could contribute to the irregularity of the skeletal growth
bands.

Although our microstructural criterion shows some limitation, it does hold great potential
for distinguishing zooxanthellate and azooxanthellate corals, including cases where the tradi-
tional morphological criterion [21] fails (e.g., the solitary but zooxanthellate coral C. lacrymalis
shows regular micro-scale bands, whereas colonial but azooxanhtllate coral A. calycularis have
irregular increments; S1 Fig). The exceptionally well-preserved Triassic Volzeia sp. skeleton
studied here (Fig 7C-7E and 7H) has thickening deposits composed predominantly of arago-
nite fibers (confirmed by Raman maps as well as CL images—diagenetic calcite appears mainly
as infilling of RAD areas, Fig 7E and 7H). The coral has a phaceloid low-integrated growth
form but shows regular micro-scale bands of TDs (CV of 11.45%), which is similar to the regu-
lar banding of modern zooxanthellate corals. Additionally, some micro-scale bands are par-
tially, neomorphically recrystallized resulting in a fine-scale regular banding very similar to the
Pleistocene Orbicella annularis [76], a species that today is exclusively symbiotic.

Conclusions

« Growth of the fibrous part of the skeleton (Thickening Deposits) of scleractinian corals hap-
pens in growth increments composed of light and dark doublets. Combined structural (SEM,
TEM) and geochemical (NanoSIMS) analyses revealed that optically dark bands are enriched
in Mg and contain numerous nano-scale inclusions, most likely of organic macromolecules,
and exhibit negative etching relief. Optically light layers are characterized by a distinctly
lower content of Mg, fewer inclusions and, consequently, have positive etching relief.

Micro-scale growth increments in zooxanthellate corals are highly regular and continuous,
whereas in corals without symbionts the increments are irregular and often discontinuous.
Regularity of growth bands (expressed as coefficient of variation) ranges from ~40 to ~90%
in azooxanthellate corals and from ~5 to ~15% in symbiotic species.

Despite a few observed exceptions (3 corals out of 38 studied), the microstructural criterion
expressed as a simple coefficient of variation appears to be a robust tool for discriminating
between zooxanthellate and azooxanthellate coral forms. From the fossil record, we report
the first regular fine-scale banding of thickening deposits in a Triassic scleractinian (Volzeia
sp.) suggesting that this coral was symbiotic with dinoflagellates.

PLOS ONE | DOI:10.1371/journal.pone.0147066 January 11,2016 16/21



@’PLOS ‘ ONE

Skeletal Banding in Symbiotic and Asymbiotic Scleractinian Corals

The main conclusion of this work is that microstructural features should be included with
other proxies to study symbiosis in fossil corals.

Supporting Information

S1 Fig. Growth increments of TDs in some zooxanthellate (A,B) and azooxanthellate (C,D)
corals whose morphological or microstructural features do not fit traditional criteria of
symbiotic vs. non-symbiotic relationships. Microstructure of morphological “exceptions”
large and solitary zooxanthellate Cynarina lacrymalis (ZPAL H.25/43) (A) forms regular
growth increments, whereas colonial and azooxanthellate Astroides calycularis (ZPAL H.25/
58) (C) forms irregular bands. Exceptions from microstructural criterion: growth increments
in skeleton of deep-water symbiotic coral Leptoseris fragilis (ZPAL H.25/48) (B) is not as regu-
lar as in many shallow-water zooxanthellate taxa, whereas in shallow-water (4-6m depth)
asymbiotic Tubatraea tagusensis (ZPAL H.25/71) (D) banding pattern is clearly regular. Red
arrows = regular bands, yellow arrows = irregular bands. SEM micrographs.

(PDF)

S2 Fig. Growth increments of TDs in zooxanthellate (A,B) and azooxanthellate (C,D) corals
collected from the same site (ITha dos Buzios, Brazil). SEM photomicrographs of modern
zooxanthellate species: (A) Madracis decactis (ZPAL H.25/52) and (B) Mussismilia hispida
(ZPAL H.25/53) and azooxanthellate species: (C) Phyllangia americana (ZPAL H.25/69) and
(D) Tubastraea tagusensis (ZPAL H.25/71). Regular growth increments are observed in zoox-
anthellate Mussismilia and azooxanthellate Tubastraea, and irregular growth increments in
zooxanthellate Madracis and azooxanthellate Phyllangia. Skeletal characteristics of these corals,
which differ from the typically pattern of banding (i.e. regular in zooxanthellate and irregular
azooxanthellate corals), most likely reflects physiological peculiarities of Madracis (slow
growth rate) and Tubastraea (relatively fast growth). Red arrows = regular bands, yellow
arrows = irregular bands.

(PDF)

S3 Fig. Factors that potentially may induce day (A-F)-night (A’-F’) differences in scleracti-
nian coral biomineralization. (A,A") Carbonic anhydrase. Expression of carbonic anhydrase
is light-induced and its increased level during a day leads to increase of CO, dehydration rate.
High amount of bicarbonate ions delivered into calcification site together with increased activ-
ity of Ca**-ATPase pump, results in enhanced skeleton growth. Conversely, low levels of this
enzyme during the night restrict supply of HCOj', that results in slower skeleton growth. (B,B’)
Photosynthetic oxygen. During the day, oxygen released by photosymbionts is transported into
calicoblasts where it enhances respiratory production of CO, (later dehydrated by CA to bicar-
bonate ions) and ATP (used as calcium ion pump). High production of CO, and ATP increases
delivery of Ca®" and HCOj;" ions to calcification site and results in higher rate of calcification.
At night, when photosynthetic O, delivery is inhibited, respiratory production of CO, and
ATP is low. Consequently, this limits supply of Ca** and HCOj ions and leads to decrease in
growth rate. (C,C’) Photosynthetic hydrogen peroxide. H,0, produced by zooxanthellae dur-
ing photosynthesis cause lipid peroxidation of plasma membrane of calicoblasts thereby
increasing leakage of Ca®* ions into these cells. High concentration of calcium ions in calico-
blasts results in their enhanced delivery into calcification site and higher growth rate. At night,
when peroxide is not released, less Ca>" ions is delivered to calicoblasts and calcification site,
thus growth rate decrease. (D,D’) Metabolic phosphates. Phosphates produced in coral metab-
olism are regarded as inhibitors of skeletal growth. Their uptake by algae during photosynthesis
cause that calcification process is not disturbed. When phosphates are not removed from the
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coral tissue during the night, they might reach calcification site and negatively affect deposition
of carbonate. (E,E’) Hydroxyl ions. Photosynthesis-inducted secretion of hydroxyl ions in the
coelenteron results in its alkalization and may facilitate diffusion of protons from calcification
site. Removal of H+ ions from calcification site may in turn lead to enhancement of skeletal
growth. When photosynthesis is inhibited, low pH in the coelenteron inhibits protons diffusion
resulting in drop of calcification rate. (F,F’) Organic compounds. Zooxanthellae supply calico-
blasts with organic matrix precursors (amino acids and glycerol), thereby increasing efficiency
of skeleton formation during the day. During the night, when photosynthates delivery stops,
secretion of OM and skeletal deposition decreases.

(PDF)

S1 Table. Studied specimens data. Inventory (1st column) and repository (2nd column) num-
bers, taxonomic attribution (3rd column) and available locality data (4, 5 columns including
[year of collection] and {position on attached map}) of examined modern coral samples. The
6th column shows zooxanthellate (z) or azooxanthellate (az) status of the coral. Next columns
include information about mean values (7th column), standard deviation (8th column) and
coefficient of variation (9th column) of measured growth bands.

(PDF)

Acknowledgments

We would like to thank Bogustawa Kurowska (Institute of Physics, Polish Academy of Science)
for preparation of FIB sections for TEM analyses.

Author Contributions

Conceived and designed the experiments: JS AM KF. Performed the experiments: JS AM KF.
Analyzed the data: KF JS AM MM SK. Contributed reagents/materials/analysis tools: KF SK
MM AM MVKJS. Wrote the paper: KF JS AM MM SK MVK.

References

1. Kopp C, Pernice M, Domart-Coulon |, Djediat D, Spangenberg JE, Alexander DTL, et al. (2013) Highly
dynamic cellular-level response of symbiotic coral to a sudden increase in environmental nitrogen.
mBio 4:e00052—13. doi: 10.1128/mBio.00052-13 PMID: 23674611

2. Kopp C, Domart-Coulon I, Escrig S, Humbel BM, Hignette M, Meibom A (2015) Subcellular investiga-
tion of photosynthesis-driven carbon assimilation in the symbiotic reef coral Pocillopora damicornis.
mBio. 6:€02299-14. doi: 10.1128/mBi0.02299-14 PMID: 25670779

3. Muscatine L, Cernichiari E (1969) Assimilation of photosynthetic products of zooxanthellae by a reef
coral. Biol Bull. 137(3):506-523.

4. Trench RK (1993) Microalgal-invertebrate symbioses: a review. Endocytobiosis Cell Res 9:135-175.

Allemand D, Tambutté E, Zoccola D, Tambutté S (2011) Coral calcification, cells to reefs. Pp. 119—150.
In: Dubinsky Z, Stambler N, editors. Coral Reefs: An Ecosystem in Transition. Springer Press, New
York, pp. 119-150.

6. Kawaguti S, Sakumoto D (1948) The effect of light on the calcium deposition of corals. Bull Oceanogr
Inst Taiwan 4:65-70.

7. Goreau TF (1959) The physiology of skeleton formation in corals. I. A method for measuring the rate of
calcium deposition by corals under different conditions. Bioll Bull 116:59-75.

8. Gattuso JP, Allemand D, Frankignoulle M (1999) Photosynthesis and calcification at cellular, organis-
mal and community levels in coral reefs: A review on interactions and control by carbonate chemistry.
Am Zool 39:160-183.

9. Allemand D, Ferrier-Pages C, Furla P, Houlbreque F, Puverel S, Reynaud S, et al. (2004) Biominerali-
sation in reef-building corals: from molecular mechanisms to environmental control. C R Palevol
3:453-467.

PLOS ONE | DOI:10.1371/journal.pone.0147066 January 11,2016 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147066.s004
http://dx.doi.org/10.1128/mBio.00052-13
http://www.ncbi.nlm.nih.gov/pubmed/23674611
http://dx.doi.org/10.1128/mBio.02299-14
http://www.ncbi.nlm.nih.gov/pubmed/25670779

@’PLOS ‘ ONE

Skeletal Banding in Symbiotic and Asymbiotic Scleractinian Corals

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Enriquez S, Méndez E, Iglesias-Prieto R (2005) Multiple scattering on coral skeletons enhances light
absorption by symbiotic algae. Limnol Oceanogr 50(4):1025-1032.

Marcelino LA, Westneat MW, Stoyneva V, Henss J, Rogers JD, Radosevich A, et al. (2013) Modulation
of Light-Enhancement to Symbiotic Algae by Light-Scattering in Corals and Evolutionary Trends in
Bleaching. Plos One 8(4):e61492. doi: 10.1371/journal.pone.0061492 PMID: 23630594

Stanley GD (1981) Early history of scleractinian corals and its geological consequences. Geology 9
(11):507-511.

Stanley GD (1988) The history of Early Mesozoic reef communities: A three-step process. Palaios
3:170-183.

Rosen BR, TurnSek D (1989) Extinction patterns and biogeography of scleractinian corals across the
Cretaceous/Tertiary boundary. Mem Assoc Aust Palentol 8:355-370.

Perrin C (2002) Tertiary: the emergence of modern reef ecosystems. In: Flligel E, Kiessling W, Golonka
J, editors. Phanerozoic reef patterns. Society for Sedimentary Geology, Tuls, pp. 587—-621.

Barbeitos M, Romano S, Lasker HR (2010) Repeated loss of coloniality and symbiosis in scleractinian
corals. Proc Natl Acad Sci USA 107(26):11877-11882. doi: 10.1073/pnas.0914380107 PMID:
20547851

Schlichter D, Fricke HW, Weber W (1989) Light harvesting by wavelength transformation in a symbiotic
coral of the Red Sea twilight zone. Mar Biol 91:403-407.

Fricke HW, Vareschi E, Schlichter D (1987) Photoecology of the coral Leptoseris fragilis in the Red Sea
twilight zone (an experimental study by submersible). Oecologia 73(3):371-381.

Schlichter D, Fricke HW (1990) Coral host improves photosynthesis of endosymbiotic algae. Naturwis-
senschaften 77(9):447—-450.

Schuhmacher H, Zibrowius H (1985) What is hermatypic? A redefinition of ecological groups in corals
and other organisms. Coral Reefs 4(1):1-9.

Coates AG, Jackson JBC (1987) Clonal growth, algal symbiosis, and reef formation by corals. Paleobi-
ology 13(4):363-378.

Cairns S, Kitahara M (2012) An illustrated key to the genera and subgenera of the Recent azooxanthel-
late Scleractinia (Cnidaria, Anthozoa), with an attached glossary. ZooKeys 227:1-47. doi: 10.3897/
zookeys.227.3612 PMID: 23166463

Hoeksema BW (1989) Taxonomy, Phylogeny and biogeography of Mushroom Corals (Scleractinia:
Fungiidae). Zool Verhandel 254(1):1-295.

Budd AF, Stolarski J (2009) Searching for new morphological characters in the systematics of scleracti-
nian reef corals: comparison of septal teeth and granules between Atlantic and Pacific Mussidae. Acta
Zool 90:142—-165.

Peters EC, Cairns SD, Pilson MEQ, Wells JW, Jaap WC, Lang JC, et al. (1988) Nomenclature and biol-
ogy of Astrangia poculata (Ellis and Solander, 1786). Proc Biol Soc Wash 101(2):234—250.

Zibrowius H (1980) Les scléractiniaires de la Méditerranée et de I'Atlantique nord-oriental. Mémoires
de I'Institut Océanographique, Monaco 11:198-201.

Davy SK, Allemand D, Weis VM (2012) Cell Biology of Cnidarian-Dinoflagellate Symbiosis. Microbiol
Mol Biol Rev 76:229-261. doi: 10.1128/MMBR.05014-11 PMID: 22688813

Swart PK (1983) Carbon and oxygen isotope fractionation in scleractinian corals: a review. Earth-Sci
Rev 19:51-80.

Stanley GD, Swart PK (1995) Evolution of the coral-zooxanthellae symbiosis during the Triassic: a geo-
chemical approach. Paleobiology 21(2):179-199.

Muscatine L, Goiran C, Land L, Jaubert J, Cuif JP, Allemand D (2005) Stable isotopes (513C and
515N) of organic matrix from coral skeleton. Proc Natl Acad Sci USA 102(5):1525-1530. PMID:
15671164

Gautret P, Cuif JP, Freiwald A (1997) Composition of soluble mineralizing matrices in zooxanthellate
and non-zooxanthellate scleractinian corals: biochemical assessment of photosynthetic metabolism
through the study of a skeletal feature. Facies 36:189—194.

Cuif JP, Dauphin Y, Freiwald A, Gautret P, Zibrowius H (1999) Biochemical markers of zoaxanthellae
symbiosis in soluble matrices of skeleton of 24 Scleractinia species. Comp Biochem Physiol A Mol
Integr Physiol 123(3):269-278.

Cuif JP, Dauphin Y, Gautret P (1999) Compositional diversity of soluble mineralizing matrices in some
resent coral skeletons compared to fine-scale growth structures of fibres: discussion of consequences
for biomineralization and diagenesis. Int J Earth Sci 88(3):582-592.

PLOS ONE | DOI:10.1371/journal.pone.0147066 January 11,2016 19/21


http://dx.doi.org/10.1371/journal.pone.0061492
http://www.ncbi.nlm.nih.gov/pubmed/23630594
http://dx.doi.org/10.1073/pnas.0914380107
http://www.ncbi.nlm.nih.gov/pubmed/20547851
http://dx.doi.org/10.3897/zookeys.227.3612
http://dx.doi.org/10.3897/zookeys.227.3612
http://www.ncbi.nlm.nih.gov/pubmed/23166463
http://dx.doi.org/10.1128/MMBR.05014-11
http://www.ncbi.nlm.nih.gov/pubmed/22688813
http://www.ncbi.nlm.nih.gov/pubmed/15671164

@’PLOS ‘ ONE

Skeletal Banding in Symbiotic and Asymbiotic Scleractinian Corals

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

Goffredo S, Caroselli E, Mezzo F, Laiolo L, Vergni P, Pasquini L, et al. (2012) The puzzling presence of
calcite in skeletons of modern solitary corals from the Mediterranean Sea. Geochim Cosmochim Acta
85:187-199.

Perrin C, Smith DC (2007) Decay of skeletal organic matrices and early diagenesis in coral skeletons.
C R Palevol 6(4):253-260.

Frankowiak K, Mazur M, Gothmann AM, Stolarski J (2013) Diagenetic Alteration of Triassic Coral from
the Aragonite Konservat-Lagerstétte in Alakir Cay, Turkey: Implications for Geochemical Measure-
ments. Palaios 28(5—6):333—-342.

Cuif JP (1975) Caractéres morphologiques, microstructuraux et systématiques des Pachythecalidae
nouvelle famille de Madréporaires triasiques. Geobios 8(3):157-180.

Roniewicz E (1989) Triassic scleractinian corals of the Zlambach Beds, Northern Calcareous Alps,
Austria. Denkschriften der Osterr Akad Wiss Math—Naturw Klasse 126:1-152.

Stolarski J (2003) Three-dimensional micro- and nanostructural characteristics of the scleractinian
coral skeleton: A biocalcification proxy. Acta Palaeontol Pol 48(4):497-530.

Cuif JP, Fischer JC, Marcoux J (1972) Découverte d’'une faune de Chaetetida (Cnidaria, Hydrozoa)
dans le Trias supérieur de Turquie. C R Acad Sci Hebd Seances Acad Sci D 275:185-188.

Schéne BR, Dunca E, Fiebig J, Pfeiffer M. (2005) Mutvei’s solution An ideal agent for resolving micro-
growth structures of biogenic carbonates. Palaeogeogr Palaeoclimatol Palaeoecol 228:149-166.
Stolarski J, Mazur M (2005) Nanostructure of biogenic versus abiogenic calcium carbonate crystals.
Acta Palaeontol Pol 50:847-865.

Meibom A, Cuif J, Hillion F, Constantz BR, Juillet-Leclerc A, Dauphin, et al. (2004) Distribution of mag-
nesium in coral skeleton. Geophys Res Lett 31:L.23306.

Meibom A, Cuif JP, Mostefaoui S, Dauphin Y, Houlbreque F, Meibom K| et al. (2008) Compositional
variations at ultra-structure length-scales in coral skeleton. Geochim Cosmochim Acta 72:1555—-1569.

Bice KL, Layne GD, Dahl K (2005) Application of secondary ion mass spectrometry to the determination
of Mg/ Ca in rare, delicate, or altered planktonic foraminifera: examples from the Holocene, Paleogene,
and Cretaceous. Geochem Geophys Geosyst 6:Q12P07.

Hammer &, Harper DAT, Ryan PD (2001) PAST: Paleontological Statistics Software Package for Edu-
cation and Data Analysis. Palaeontologia Electronica 4(1): 9pp.

Ogilvie MM (1896) Microscopic and systematic study of madreporarian types of corals. Phil Trans R
Soc Lond 29:83-345.

Cuif JP, Dauphin Y (1998) Microstructural and physico-chemical characterizations of the "centers of
calcification" in the septa of some recent Scleractinian corals. Paldontol Zeitschrift 72(3/4):257-270.
Brahmi C, Domart-Coulon |, Rougée L, Pyle DG, Stolarski J, Mahoney JJ, et al. (2012) Pulsed 86Sr-
labeling and NanoSIMS imaging to study coral biomineralization at ultra-structural length scales. Coral
Reefs 31:741-752.

Przeniosto R, Stolarski J, Mazur M, Brunelli M (2008) Hierarchically structured scleractinian coral bio-
crystals. J Struct Biol 161(1):74-82. PMID: 17998166

Risk MJ, Pearce TH (1992) Interference imaging of daily growth bands in massive corals. Nature
358:572-573.

Sandeman IM (2008) Fine banding septa of corals. Proc 11th Int Coral Reef Symp 1:69-73.

Benzerara K, Menguy N, Obst M, Stolarski J, Mazur M, Tylisczak, et al (2011) Study of the crystallo-
graphic architecture of corals at the nanoscale by scanning transmission X-ray microscopy and trans-
mission electron microscopy. Ultramicroscopy 111:1268-1275. doi: 10.1016/j.ultramic.2011.03.023
PMID: 21864767

Cuif JP, Dauphin Y, Doucet J, Salome M, Susini J (2003) XANES mapping of organic sulfate in three
scleractinian coral skeletons. Geochim Cosmochim Acta 67:75-83.

Motai S, Nagai T, Sowa K, Watanabe T, Sakamoto N, Yurimoto H, et al (2012) Needle-like grains
across growth lines in the coral skeleton of Porites lobata. J Struct Biol 180:389-393. doi: 10.1016/j.
jsb.2012.09.009 PMID: 23041294

Finch AA, Allison N (2008) Mg structural state in coral aragonite and implications for the paleoenviron-
mental proxy. Geophys Res Lett 35:L08704.

Pokroy B, Quintana JP, Caspi EN, Berner A, Zolotoyabko E (2004) Anisotropic lattice distortions in bio-
genic aragonite. Nature Materials 3:900-902. PMID: 15543151

Zolotoyabko E, Pokroy B (2007) Biomineralization of calcium carbonate: structural aspects. CrystEng-
Comm 9:1156-1161.

PLOS ONE | DOI:10.1371/journal.pone.0147066 January 11,2016 20/21


http://www.ncbi.nlm.nih.gov/pubmed/17998166
http://dx.doi.org/10.1016/j.ultramic.2011.03.023
http://www.ncbi.nlm.nih.gov/pubmed/21864767
http://dx.doi.org/10.1016/j.jsb.2012.09.009
http://dx.doi.org/10.1016/j.jsb.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23041294
http://www.ncbi.nlm.nih.gov/pubmed/15543151

@’PLOS ‘ ONE

Skeletal Banding in Symbiotic and Asymbiotic Scleractinian Corals

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Budd AF, Stolarski J (2009) Searching for new morphological characters in the systematics of scleracti-
nian reef corals: Comparison of septal teeth and granules between Atlantic and Pacific Mussidae. Acta
Zool 90:142—-165.

Levy O, Kaniewska P, Alon S, Eisenberg E, Karako-Lampert S, Bay LK, et al (2011) Complex diel
cycles of gene expression in coral-algal symbiosis. Science 331(6014):175. doi: 10.1126/science.
1196419 PMID: 21233378

Bertucci A, Moya A, Tambutté S, Allemand D, Supuran CT, Zoccola D (2013) Carbonic anhydrases in
anthozoan corals—A review. Bioorg Med Chem 21:1437-1450. doi: 10.1016/j.bmc.2012.10.024
PMID: 23199478

Sorek M, Yacobi YZ, Roopin M, Berman-Frank |, Levy O (2013) Photosynthetic circadian rhythmicity
patterns of Symbiodium, the coral endosymbiotic algae. Proc R Soc B 280:20122942. doi: 10.1098/
rspb.2012.2942 PMID: 23554392

Colombo-Pallotta MF, Rodriguez-Roman A, Iglesias-Prieto R (2010) Calcification in bleached and
unbleached Montastraea faveolata: evaluating the role of oxygen and glycerol. Coral Reefs 29:899—
907.

Lai AG, Doherty CJ, Mueller-Roeber B, Kay SA, Schippers JHM, Dijkwel PP (2012) Circadian clock-
associated 1 regulates ROS homeostasis and oxidative stress responses. Proc Natl Acad Sci USA
109(42):17129-17134. doi: 10.1073/pnas.1209148109 PMID: 23027948

Sandeman IM (2006) Fragmentation of the gastrodermis and detachment of zooxanthellae in symbiotic
cnidarians: a role for hydrogen peroxide and Ca®* in coral bleaching and algal density control. Rev Biol
Trop 54:79-96.

Sandeman IM (2008) Light driven lipid peroxidation of coral membranes and a suggested role in calcifi-
cation. Rev Biol Trop 56:1-9.

Jackson AE, Yellowlees D (1990) Phosphate uptake by zooxanthellae isolated from corals. Proc R Soc
B 242(1305):201-204.

Godinot C, Ferrier-Pages C, Grover R (2009) Control of phosphate uptake by zooxanthellae and host
cells in the scleractinian coral Stylophora pistillata. Limnol Oceanogr 54(5):1627—-1633.

Simkiss K (1964) Phosphates as crystal poisons of calcification. Biol Rev Camb Philos Soc 39(4):487—
505.

Furla P, Galgani |, Durand |, Allemand D (2000) Sources and mechanisms of inorganic carbon transport
for coral calcification and photosynthesis. J Exp Biol 203:3445-3457. PMID: 11044383

Bertucci A, Forét S, Ball EE, Miller DJ. 2015 (early view) Transcriptomic differences between day and
night in Acropora millepora provide new insights into metabolite exchange and light-enhanced calcifica-
tion in corals. Molecular Ecology, doi: 10.1111/mec.13328

Houlbréque F, Tambutté E, Richard C, Ferrier-Pagés C (2004) Importance of the micro-diet for sclerac-
tinian corals. Mar Ecol Prog Ser 282:151-160.

Houlbréque F, Tambutté E, Ferrier-Pages C (2003) Effect of zooplankton availability on the rates of
photosynthesis, and tissue and skeletal growth in the scleractinian coral Stylophora pistillata. J Exp
Mar Bio Ecol 296(2):145—-166.

Schlichter D (1991) A perforated gastrovascular cavity in the symbiotic deep-water coral Leptoseris fra-
gilis: a new strategy to optimize heterotrophic nutrition. Helgolaend Meeres 45:423—-443.
Domart-Coulon |, Stolarski J, Brahmi C, Gutner-Hoch E, Janiszewska K, Shemesh A, Meibom A (2014)
Simultaneous extension of both basic microstructural components in scleractinian coral skeleton during
night and daytime, visualized by in situ 8Sr pulse labeling. J Struct Biol 185(1):79-88 PMID: 24511631
Webb GE, Nothdurft LD, Kamber BS, Kloprogge JT, Zhao JX (2009) Rare earth element geochemistry
of scleractinian coral skeleton during meteoric diagenesis: a sequence through neomorphism of arago-
nite to calcite. Sedimentology 56(5):1433-1463.

PLOS ONE | DOI:10.1371/journal.pone.0147066 January 11,2016 21/21


http://dx.doi.org/10.1126/science.1196419
http://dx.doi.org/10.1126/science.1196419
http://www.ncbi.nlm.nih.gov/pubmed/21233378
http://dx.doi.org/10.1016/j.bmc.2012.10.024
http://www.ncbi.nlm.nih.gov/pubmed/23199478
http://dx.doi.org/10.1098/rspb.2012.2942
http://dx.doi.org/10.1098/rspb.2012.2942
http://www.ncbi.nlm.nih.gov/pubmed/23554392
http://dx.doi.org/10.1073/pnas.1209148109
http://www.ncbi.nlm.nih.gov/pubmed/23027948
http://www.ncbi.nlm.nih.gov/pubmed/11044383
http://dx.doi.org/10.1111/mec.13328
http://www.ncbi.nlm.nih.gov/pubmed/24511631

