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Abstract 16 

Understanding the mineralization of coral is significant for the formation of coral reefs 17 

and paleoclimatic reconstructions. However, the fundamental mechanisms involved in 18 

biomineralization are poorly understood. A combination of Raman spectral and 19 

cross-polarized reflected light microscopy imaging was used to examine the 20 

three-dimensional spatial distribution of the skeletal ultrastructures and their associated 21 

mineral, organic, water chemistry in coral, which enable insight into the spatial growth 22 

features of the ultrastructures and possible formation processes. A possible mechanism is 23 

proposed whereby biological control the formation of skeletal ultrastructures, which 24 

likely involves compartmentalized calcifying cells and their related cellular activities. 25 

This could clarify the association between coral skeletal mineralization and biology, and 26 

may be beneficial to better protection and application of coral reefs. 27 
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 31 

Introduction 32 

Biomineralization results in the Earth’s spectacular coral reefs and forms 33 

high-resolution archives of past environmental change (Cohen and McConnaughey 2003; 34 

Meibom et al. 2003; Otter 2019). Mineralization by coral has significance for 35 

geochemistry, climatology, and biology (DeCarlo et al. 2019a; McCulloch et al. 2012; 36 

Motai et al. 2012), and a better understanding of the biology of coral skeletogenesis 37 

might provide new insight into reef growth patterns (Cuif and Dauphin 2005a; DeCarlo et 38 

al. 2019b; Meibom et al. 2003), future responses of coral reefs to environmental change 39 

(Cohen et al. 2009a; Farfan et al. 2018a; Georgiou et al. 2015; Hennige et al. 2015; 40 

Meibom et al. 2006), and quantitative paleoenvironmental proxies (Chen et al. 2015; 41 

Meibom et al. 2007; Thompson 2022). 42 



Despite the widespread significance of coral mineralization and extensive 43 

investigations (Cusack and Freer 2008; DeCarlo et al. 2019a; Mann 2001; Meldrum 44 

2003), the fundamental mechanisms of mineralization remain poorly understood 45 

(Allemand et al. 2011). Several models of coral mineralization have been proposed, 46 

including diurnal growth (Cohen et al. 2001; Gladfelter 1983a), the organic 47 

template/envelope (Constantz 1986; Cuif et al. 2003; Tissier 1988), growth related to 48 

amorphous calcium carbonate (Mass et al. 2017; Von Euw et al. 2017), cyclical changes 49 

in the saturation state of calcifying fluids (Al-Horani et al. 2003; Holcomb et al. 2009), 50 

and control by different calcifying cells (Cuif and Dauphin 1998; Meibom et al. 2008). 51 

However, these hypotheses are based on either the skeletal chemistry (elemental, isotopic, 52 

and organic) or crystalline morphologies, and have not considered the spatial growth 53 

features (i.e., the various orientations) of ultrastructures. 54 

Understanding the biological controls on the coral mineralization requires a robust 55 

knowledge of coral ultrastructures and growth (Gilis et al. 2015; Otter 2019; Stolarski 56 

2003). The coral skeleton consists primarily of two ultrastructures, which are centers of 57 

calcification (COC) and fibers (Cohen and Thorrold 2007; Cusack and Freer 2008; 58 

Meibom et al. 2008). The former accounts for only ~3% of the entire skeletal weight, is 59 

embedded within the fibers (i.e., the host medium), and has an important role in skeletal 60 

formation (Allison 1996; Cuif and Dauphin 1998). The longitudinal and lateral 61 

extensions of the COC determine the overall architecture of the coral skeleton (Cuif and 62 

Dauphin 1998; Meibom et al. 2006; Sugiura et al. 2021). Moreover, the COC are 63 

generally considered to be nucleation sites for fiber crystallization (Cohen and 64 

McConnaughey 2003; Cohen et al. 2001; Constantz 1986). Therefore, the COC are 65 

fundamental to coral skeletogenesis (Cohen et al. 2001; Constantz 1986).  66 

Investigating the nature, growth, and chemistry of the COC is challenging because of 67 

their small diameter (generally <10 µm) and concealed occurrence (Cuif and Dauphin 68 

2005b; Cuif et al. 2003; Meibom et al. 2006). Conventional physical separation followed 69 



by solution-based analyses, and even microanalysis by laser ablation–inductively coupled 70 

plasma–mass spectrometry and secondary ion mass spectrometry, are unable to analyze 71 

the COC without contamination from adjacent fiber materials (Chen et al. 2020; Cuif and 72 

Dauphin 1998; Meibom et al. 2003). A limited number of previous studies have focused 73 

on identifying the distinctions between the COC and fibers in terms of either their 74 

crystalline morphology (Cuif and Dauphin 1998; Motai et al. 2012), organic phase (Cuif 75 

et al. 2003; DeCarlo et al. 2018), or elemental and isotopic compositions (Cuif and 76 

Dauphin 1998; Holcomb et al. 2009). However, few studies have examined the 77 

distribution of the COC, particularly within the three-dimensional coral skeleton, which 78 

might provide insights into the formation of ultrastructures and biological effects on 79 

mineralization (Meibom et al. 2007; Stolarski 2003).  80 

In this study, the spatial variations in coral skeleton chemistry and ultrastructures were 81 

investigated with high spatial-resolution confocal laser Raman spectroscopy and optical 82 

microscopy in two- and three-dimension. The former technique, having been successfully 83 

used to reveal mineralogical and crystallographic characterization of carbonates (DeCarlo 84 

2018; DeCarlo et al. 2017; Farfan et al. 2022; Farfan et al. 2018b; Higuchi et al. 2014; 85 

Urmos et al. 1991) and to reconstruct coral skeletal fiber arrangement and growth (Wall 86 

and Nehrke 2012; Zhang et al. 2011), enables to constrain the spatial variations in 87 

chemistry, including water, organics, mineral phases, and ultrastructures of skeleton. 88 

These techniques provide new insights into the biological mechanisms responsible for the 89 

formation of coral skeletons. 90 

 91 

Experiment methods 92 

Sample preparation 93 

Three samples of the zooxanthellate coral Porites sp. were collected from a depth of 4 94 

m on the Luhuitou fringing reef of Hainan Island in the northern South China Sea 95 

(18°12.87´ N, 109°28.47´ E) in April 2010 (Zou et al. 2021). The samples were prepared 96 



as shown in Fig. 1a and described previously (Zou et al. 2021). The specimen was sliced 97 

parallel to the axis of maximum skeletal growth into a slab that was ~3 mm thick. The 98 

slab was mounted in epoxy resin, further cut into a slice that was ~1 mm thick, and then 99 

manually polished with a fine diamond disk under flowing water to a ~100-µm-thick 100 

slice. The effect from the chosen solvent might not be excludable but it is still minor on 101 

surface ultrastructures, and insusceptible on the inner ultrastructures. The final polishing 102 

step (using monocrystalline diamond suspension with size of 1 µm (MetaDi, USA)) was 103 

carefully monitored to ensure the COC were exposed. The slice was then mounted in new 104 

epoxy resin, ultrasonically cleaned with deionized water, and dried (50ºC) prior to 105 

analysis. 106 

 107 

Instrumental and analytical procedures 108 

A confocal Raman microscope (WITec Alpha-300R; Ulm, Germany) equipped with a 109 

488 nm excitation laser and Zeiss 50× objective lens was used for the Raman 110 

spectroscopic analyses at the State Key Laboratory of Isotope Geochemistry, Guangzhou 111 

Institute of Geochemistry, Chinese Academy of Sciences (SKLaBIG-CAS), Guangzhou, 112 

China. Measurements were undertaken at room temperature, with a laser power of 30 113 

mW and over a wavenumber range of 80–4000 cm−1.  114 

The Raman spectra imaging procedures are summarized in Fig. 1b. The coral was 115 

placed on an x–y stage. Laser scans in the lateral plane involved an array of 85 × 125 116 

spots analyses with a 1 µm step size and 1 s integration time, which covered an imaging 117 

area of 85 × 125 µm. For the three-dimensional imaging, the incident laser was focused 118 

deeper into the sample to acquire an image stack with a z (depth) step size of 2 µm. This 119 

avoids interference from layers at different depths, because the step size is much greater 120 

than the depth resolution of the laser (~1 µm) (Dieing et al. 2011). The imaged volume 121 

was 85 × 125 × 14 µm, with seven layers in the z direction. The average integrated 122 

intensity decreases with depth (Dieing et al. 2011), and thus intensity corrections were 123 



applied to the spectral datasets for each layer. Data were processed using a self-developed 124 

LabView program, and the two- and three-dimensional images were constructed from 125 

three-dimensional data (x and y, and the integrated Raman band intensity of interest) and 126 

four-dimensional data (x, y, and 5z, where z was magnified by a factor of 5 to display the 127 

depth profile more clearly, and the integrated Raman band intensity of interest), using 128 

Surfer and Voxler software, respectively (He et al. 2017; Huang et al. 2011). 129 

The coral skeleton was also examined with an optical microscope (Leica, DM2700M) 130 

under cross-polarized reflected light (CPRL), which is a previously unreported analysis 131 

mode, at the SKLaBIG-CAS. In addition, the secondary layer of skeleton (different depth 132 

layer) instead of superficial one was subjected to CPRL microscopy imaging based on the 133 

transparent and nearly colorless nature of the epoxy resin in CPRL images. 134 

 135 

Results 136 

Raman analyses of the coral skeletal ultrastructures 137 

Typical Raman spectra of skeletal COC and fibers are shown in Fig. 2. The remarkable 138 

difference in composition between these ultrastructures is the organic matrix (OM; with 139 

sp3 CHx stretching modes at 2850–3000 cm–1) (DeCarlo et al. 2018; Von Euw et al. 2017), 140 

which occurs only in the COC (Figs. 2c, and f). The carbonate-related Raman bands 141 

(lattice modes at 153 and 217 cm–1; ν4 planar bending of C–O at 705 cm–1; ν1 symmetric 142 

stretching of CO3
2– units at 1085 cm–1) (Farfan et al. 2021; Urmos et al. 1991) and 143 

water-related Raman bands (O–H stretching mode at 3000–3750 cm–1) (Hild et al. 2008) 144 

characterize both the COC and fibers, but with clear intensity differences. The broad O–H 145 

stretching band (Figs. 2c, f) was assigned to inorganic water rather than an organic phase 146 

containing OH, as no Raman bands of organic groups were simultaneously determined in 147 

the fibers, even though the O–H stretching band was much stronger in intensity than for 148 

the COC. The Raman bands at 153, 217, 705, 1085, 2910, and 3410 cm–1 can distinguish 149 

the COC from the surrounding fibers. 150 



Fig. 3a and supplementary Figs. 2g–3g show reflected light microscopic images of the 151 

coral skeleton in two contrasting color regions, where the COC are darker than the fibers. 152 

The optical differences between these two structures have been documented in earlier 153 

studies (DeCarlo et al. 2018). The two-dimensional Raman images, based on the area 154 

integration of Raman bands of interest (carbonate, water, and organics), are shown in Figs. 155 

3b–g and supplementary Figs. 1b–e, and are consistent with the optical image and 156 

provide better defined boundaries between the COC and fibers than routine light 157 

microscopic approach. This verifies that Raman spectral imaging can distinguish between 158 

these two structures. The tentacle-like, blue–purple region in the images (Figs. 3b–f, and 159 

supplementary Fig. 1b–d), with consistently weaker mineral- and water-related bands but 160 

stronger organic-related bands (Fig. 3g and supplementary Fig. 1e), correspond to the 161 

darker region in the microscopic image (Fig. 3a and supplementary Fig. 1a) and the COC. 162 

Two-dimensional imaging can reveal the ultrastructural and chemical variation of the 163 

processed surface of the coral skeleton. However, there may be further information that 164 

can be obtained from beneath the coral surface. There are a range of conflicting 165 

hypotheses regarding the shape, growth, and arrangement of the COC (Cohen and 166 

McConnaughey 2003; Cohen et al. 2001; Cuif and Dauphin 1998). To investigate these, 167 

three-dimensional Raman spectral imaging was applied to the coral sample.  168 

The three-dimensional distribution of Raman bands within the studied volume of the 169 

coral skeletons are portrayed in Figs. 4a–f and supplementary Figs. 2, 3a–f, and reveal 170 

details of the intraskeletal spatial distributions of components (mineralogical, organics, 171 

and water) and ultrastructures that were not evident from surface observations. The 172 

largest COC in the imaged volume is the same as that observed in the two-dimensional 173 

images (Fig. 3 and supplementary Fig. 1), with an actual diameter that extended ~40 µm 174 

into the skeleton (Fig. 4), which is considerably larger than that generally thought to 175 

characterize reef-building corals (5–10 µm) (Cuif and Dauphin 2005b; Cuif et al. 2003; 176 

Meibom et al. 2006). In addition, there are multiple parallel/or radiating COC columns 177 



that were separated from each other (Fig. 4 and supplementary Figs. 23), which were 178 

not observable in previous studies (Cuif and Dauphin 2005b; Meibom et al. 2008; Von 179 

Euw et al. 2017). This indicates that there is more than one COC column at different 180 

depths in an individual coral skeleton, which could be further ascertained by 181 

three-dimensional FIB-SEM (Focused Ion Beam-Scanning Electron Microscope) 182 

rendition (supplementary Fig. 5). Skeletal COC structures have lower water and mineral 183 

contents than the fibers, both on the coral surface and in its interior. Organic compounds 184 

have higher concentrations in the COC, but these are restricted to specific depths and are 185 

not uniform throughout the COC (Fig. 4f and supplementary Figs. 2‒3f). 186 

 187 

Cross-polarized reflected light microscopy imaging of coral skeletal ultrastructures 188 

Cross-polarized light microscopy (CPL) imaging in transmitted light has been 189 

frequently used for mineral identification (Von Euw et al. 2017). The COC and fibers in 190 

thin-sectioned coral skeleton have also been examined with this approach and shown to 191 

have distinct interference colors (Motai et al. 2012; Von Euw et al. 2017). However, such 192 

analysis requires very thin samples (4‒5 µm)(Cuif and Dauphin 2005a), which are 193 

challenging to prepare and would modify or severely damage the distribution of the COC. 194 

Moreover, images obtained using this approach are ambiguous because of the 195 

interference of transmitted light from within the object volume, which makes it difficult 196 

to resolve details within the object volume (Risk and Pearce 1992).  197 

In contrast to conventional CPL microscopy imaging (Von Euw et al. 2017), the newly 198 

developed cross-polarized light microscopy imaging in reflected light (CPRL) approach 199 

(first used herein) yields exquisite images of fine textural features of the COC, which are 200 

less sensitive to sample thickness. This benefits from the different light transparency and 201 

colors of the COC and fibers, with the former appearing opaque and white, and the latter 202 

being transparent and nearly colorless. These distinct optical properties might be due to 203 

compositional (e.g., organic phases), porosity, or crystal morphological differences (e.g., 204 



elongated, acicular, and regular crystals with sizes of > 1 µm in the fibers, and fusiform, 205 

granular, randomly oriented, and nano-sized crystals in the COC) (Cohen et al. 2001; 206 

Holcomb et al. 2009). This makes it possible to distinguish the embedded micron-sized 207 

COC structure from the bulk fibers, and to determine the distribution and shapes of the 208 

COC in the coral skeleton.  209 

The sample subjected to Raman imaging was also used for CPRL microscopy imaging, 210 

and the images revealed a distribution of the COC similar to that in the Raman images 211 

(Figs. 3–5 and supplementary Figs. 1–3), but also contained more detailed information on 212 

the distribution and shapes of the COC within the deeper coral skeleton. As such, the 213 

CPRL microscopy imaging is a powerful and rapid method for visualizing the 214 

three-dimensional spatial distribution of ultrastructures in coral skeletons. 215 

The aforementioned results focused on the superficial skeleton, and its ultrastructure 216 

would have been modified by sample preparation, especially the slicing and polishing. To 217 

acquire robust observations of the COC, the underlying layers were investigated by 218 

simply adjusting the focal length of the optical microscope. This revealed multiple COC 219 

with a regular arrangement in the form of either parallel or radiating clusters. Each COC 220 

column comprised alternating relatively long–thin filaments and short–thick nodules 221 

(Figs. 5c–h, and supplementary Fig. 4d–f). At high magnification (Figs. 5e, h, and 222 

supplementary Fig. 3f), the individual COC columns appear to increasingly branch into 223 

more filaments and nodules with increasing skeletal extension. Some fractures (Fig. 5) 224 

occur at both the superficial and secondary layered skeletons. 225 

 226 

Discussion 227 

Chemical features of the skeletal ultrastructures 228 

The consistently strong Raman band at 217 cm–1 (typical of aragonite and distinct from 229 

calcite at 277 cm–1) in both the COC and fibers demonstrates that aragonite is the 230 

dominant mineral in both COC and fiber (Weiner et al. 2003). Although tiny calcite or 231 



amorphous calcium carbonate (ACC) had been previously reported to occur in 232 

bio-skeletons (Constantz and Meike 1989; Otter et al. 2019; Von Euw et al. 2017; Weiner 233 

et al. 2003), the neither calcite associated peak nor peak broadening or shift of the 1087 234 

cm–1 band that is typical of ACC, were observed (Figs. 2b, e). Nevertheless, this might 235 

not completely preclude their presence, because ACC might have been a short-lived 236 

transient phase (i.e., for several hours) or occurred only in the nascent coral skeleton or 237 

tissue rather than the adult skeleton (Akiva et al. 2018; Mass et al. 2017), on the other 238 

hand, the possible small sized other forms of crystals could not be resolved by the 239 

resolution of Raman (Boon et al. 2020). Despite aragonite being found in both COC and 240 

fibers, these two ultrastructures are still distinguishable due to the differences in 241 

crystallinity, crystal disorder, and impurities (Cohen et al. 2001; Cuif and Dauphin 1998; 242 

Holcomb et al. 2009; Mass et al. 2017). Therefore, Raman mapping is a useful tool to 243 

reveal the microstructural nature of the coral skeleton. 244 

The organic matrix was previously considered to be key in the process of 245 

biomineralization (Cusack and Freer 2008). However, numerous uncertainties remain 246 

with respect to the role of the organic matrix during skeletogenesis, including whether it 247 

acts as the framework or controls crystal mineralogy, orientation, and growth (Cuif and 248 

Dauphin 2005a; DeCarlo et al. 2018; Mann 2001). The distribution of organic material is 249 

strongly coupled with the skeletal ultrastructures, particularly the higher concentrations in 250 

the COC (Figs. 3g, 4f, supplementary Figs. 1e, 2f, and 3f), which is in agreement with 251 

previous studies (Cuif et al. 2003; DeCarlo et al. 2018; Meibom et al. 2007). Almost no 252 

measurable signal of organic material was detected by the Raman analyses of the fibers, 253 

which might be due to the amounts being below the detection limit or differences in the 254 

origins, form, nature and composition of the organic material (Allemand et al. 2011; 255 

Cohen and McConnaughey 2003; DeCarlo et al. 2018; Falini et al. 2015).  256 

Unexpectedly, the three-dimensional spatial distribution of the organic matrix is 257 

restricted to a certain depth in the COC rather than being uniformly dispersed throughout 258 



the entire COC (Fig. 4f and supplementary Figs. 2f–3f). This suggests that formation of 259 

the COC is not due to the organic template/envelope model as previously proposed (Cuif 260 

and Dauphin 2005a; Tissier 1988). Since the former model describes initial deposition of 261 

organic material that become a template for the adsorption of precursor ions and 262 

subsequent crystallization, which means the resultant organic compounds should be 263 

uniformly dispersed in the COC; while the latter one (organic envelope) should cause the 264 

organic compounds to be arranged in a cortex surrounding the COC (Tambutté et al. 265 

2011; Tissier 1988). However, these features were not observed. 266 

The water enrichment (Figs. 3f, 4e, supplementary Figs. 1d, 2e, and 3e) at the coral 267 

surface and in its interior precludes the possibility of this being an artefact caused by 268 

sample preparation as, if this were the case, the water should be concentrated on the 269 

skeletal surface due to adsorption. A plausible explanation is that the coral skeleton 270 

consists of aragonite crystals and hydrated organic matrix (Cuif and Dauphin 1998; 271 

Gaffey 1988; Holcomb et al. 2009), which is consistent with general biochemical 272 

characterizations (Dauphin 2001; Yan et al. 2020), and thermogravimetric analysis of 273 

coral skeletons that recorded simultaneous weight loss of water and associated organic 274 

compounds (CO2) (Cuif et al. 2004). However, the hydrated nature of the organic matrix 275 

cannot solely account for the observed water distribution between the COC and fibers, as 276 

the fibers are water-rich and organic-poor as compared with the COC. Therefore, some 277 

other factors, such as small inclusions or the hydrophobic nature of the organic 278 

compounds, may be significant (Cuif and Dauphin 2005a; Falini et al. 2015; Gaffey 279 

1988). 280 

 281 

Growth features of the skeletal ultrastructures 282 

The skeletal COC growth features have various orientations, including transverse and 283 

longitudinal, and can be observed by the three-dimensional imaging. A striking feature of 284 

the COC is their periodic and continuous growth. In CPRL microscopy images (Fig. 5 285 



and supplementary Figs. 24), there are highly regular, micron-scale alternations of 286 

nodules connected by thin filaments. Additionally, adjacent COC columns form parallel 287 

/or radiating clusters that correspond to successive growth steps of the COC. Each 288 

periodic step corresponds to a length of 50–58 µm, which possibly reflects a daily growth 289 

increment, based on the average linear extension rate of this coral (~50 µm/d) (Zou et al. 290 

2021). The nodules and filaments could correspond to nighttime and daytime growth, 291 

respectively, given that enhanced organic deposition would occur under the lower-pH 292 

condition, and lower extension rate at nighttime as compared with daytime 293 

(Domart-Coulon et al. 2014; Tambutté et al. 2015).  294 

Previous studies have suggested that the COC only form at night and undergo discrete 295 

growth, based on observations of skeletal morphologies (Cohen et al. 2001; Gladfelter 296 

1983a), but this conclusion was likely drawn based on observations of the visible and 297 

relatively large nodules, whereas the daytime-deposited filament-shaped COC connecting 298 

the nodules were not observed. To our knowledge, the daily growth increments preserved 299 

in the COC have not been previously reported. The differences in diurnal mineralization 300 

may be linked to diurnal changes in environmental or physiological factors. For example, 301 

the lower nighttime reef-flat temperature and interruption of photosynthesis would reduce 302 

CO3
2– concentrations, resulting in diurnal differences in growth kinetics (Constantz 1986; 303 

DeCarlo et al. 2019b). In addition, cells and polyps are known to undergo biological 304 

diurnal growth variations, such as tissue expansion–contraction (Raz-Bahat et al. 2006), 305 

changes in the shapes of cell layers (Barnes and Yonge 1972), and cell division 306 

(Gladfelter 1983b). The diurnal growth increments recorded in the COC highlights their 307 

potential use for higher temporal resolution geochronology than conventional 308 

radiographic techniques (i.e., skeleton densities) that record annual or seasonal events 309 

(Stolarski 2003).  310 

The continuous growth of the COC except in some fractures and its diurnal growth 311 

patterns could preclude the prevailing diurnal model as the skeletogenesis of COC and 312 



fibers, which considered that the formations of the COC and fibers are temporally 313 

decoupled, involved initial deposition of the COC in the form of fusiform crystals at 314 

night, and subsequent development of needle-like crystal fibers on COC nucleation sites 315 

during the day (Cohen et al. 2001; Gladfelter 1982; Gladfelter 1983a). If such diurnal 316 

growth actually occurs, then the nighttime-deposited COC would be subsequently 317 

covered by daytime-deposited fibers in both the transverse and longitudinal growth 318 

directions, which would form discontinuous COC with each discrete length interval 319 

defining the nighttime growth. But such case has not been observed, implying that COC 320 

may be deposited during both daytime and nighttime, and that their extension rate is 321 

similar to or higher than that of the fibers. This has been verified together by 322 

Domart-Coulon et al. (Domart-Coulon et al. 2014) and Raz-Bahat et al. (Raz-Bahat et al. 323 

2006) based on in situ skeletal labeling culture experiments. Furthermore, the 324 

arrangement of multiple COC columns (labeled in Figs. 45 and supplementary Figs. 24) 325 

with quasi-parallel or radiating growth characteristics in defined positions within the 326 

skeleton is inconsistent with a cyclical process driven by changes in the saturation state of 327 

the calcifying fluid (Holcomb et al. 2009). Such inorganic processes would make the 328 

distribution of the COC discontinuous and random, as in the case of fluid-filled cavities 329 

produced by inorganic crystallization (Gladfelter 1982), rather than observed patterns. In 330 

addition, these two structures have different biochemical properties, such as organic 331 

contents, indicating deposition by different biological controls. 332 

 333 

Coral biomineralization by compartmentalized calcifying cells 334 

According to the upper discussion, the prevalent mineralization models for coral 335 

including diurnal growth (Cohen et al. 2001; Gladfelter 1983a), the organic 336 

template/envelope (Constantz 1986; Cuif et al. 2003; Tissier 1988), growth related to 337 

amorphous calcium carbonate (Mass et al. 2017; Von Euw et al. 2017), cyclical changes 338 

in the saturation state of calcifying fluids (Holcomb et al. 2009) could be precluded, and 339 



the most likely mineralization of coral skeleton microstructures is a biologically 340 

controlled process, both spatially and temporally. 341 

The COC columns begin with a single or few nodules and filaments, and subsequently 342 

branch with increasing skeletal growth (Fig. 5 and supplementary Figs. 24). Although it 343 

is difficult to quantitatively count the thin and intricate filaments, each nodule appears to 344 

be able to divide into two, even though some quasi-parallel or radiating COC columns do 345 

not perfectly match this pattern. Such pattern of COC seems to correspond to cell 346 

division which coincidently occurs on a daily cycle (Gladfelter 1983b; Lecointe et al. 347 

2013). Combination with the fine arrangements of ultrastructures (e.g., the distance (10 348 

µm) between adjacent COC columns analogous to the size of calcifying cell within an 349 

individual skeleton (Domart-Coulon Isabelle et al. 2001; Mass et al. 2012), COC 350 

branches with period of day consistent with cell division (Gladfelter 1983b; Lecointe et al. 351 

2013), and organic-rich, might imply the formation of solitary nodules or filaments is 352 

likely controlled by a single cell. And multiple cells without complete separation are 353 

responsible for the overlapping of multiple secretory nodules or filaments. Furthermore, 354 

the multiple, parallel/ or radiating COC columns are isolated from each other during 355 

growth of the skeleton, suggesting that precisely calcifying cells that are fixed relative to 356 

the skeleton form this rigorous three-dimensional architecture. More importantly, cell 357 

coordination during skeletogenesis is required, which is consistent with previous 358 

suggestions that crystal growth does not occur in individual coral cells, but occurs in 359 

multicellular isolates (Domart-Coulon Isabelle et al. 2001; Mass et al. 2012). This is 360 

because cell viability and functionality should be preserved by cell-to-cell contacts and 361 

interactions (Meibom et al. 2007). 362 

 This hypothesis may be further supported by the histology of the skeleton–tissue 363 

interface, which indicates the coral skeletons are in tight and direct physical contact with 364 

a calcifying cell layer without a visible calcifying fluid layer (Clode and Marshall 2003; 365 

Raz-Bahat et al. 2006; Tambutté et al. 2007). The physical closeness of the cell with the 366 



underlying skeleton is considered to be an indication of its level of involvement in 367 

skeletogenesis (Cohen and McConnaughey 2003). In additional, cells overlying the 368 

skeleton form a single layer of at least two types, based on cell shapes and activities 369 

(Clode and Marshall 2002; Tambutté et al. 2007), and the cell distribution and density 370 

vary spatially and temporally during skeletal growth (Tambutté et al. 2007). 371 

Domart-Coulon et al. (Domart-Coulon Isabelle et al. 2001) suggested that isolated cells 372 

enable in vitro crystallization of aragonite independent of the coral skeleton as a substrate. 373 

This demonstrates that, at a cellular level, mineralization can still occur without a fluid 374 

layer between the calcifying cells and skeleton. In summary, previous studies, combined 375 

with the spatial distribution of ultrastructures and chemistry documented in this study, 376 

suggest that coral skeletogenesis is likely controlled by compartmentalized calcifying 377 

cells. 378 

A possible model for coral skeletogenesis by compartmentalized calcifying cells is 379 

summarized in Fig. 6. This model is inferred based on data from the present and previous 380 

studies (Brahmi et al. 2010; Cuif and Dauphin 2005b; Mass et al. 2012; Meibom et al. 381 

2008). Three possible successive stages are proposed to be involved: (i) attachment of 382 

special calcifying cells; (ii) diurnal secretion by the cells; (iii) cell proliferation that 383 

induces branching of the COC. 384 

 In the first stage, the calcifying cells may adhere to the surface of the base (the 385 

previous skeleton) by attaching to highly specialized points. These settling cells might be 386 

divided into two types, which are assumed to be round- and spindle-shaped cells based on 387 

their appearances as identified in histological observations (Clode and Marshall 2002; 388 

Domart-Coulon Isabelle et al. 2001; Tambutté et al. 2007), which could be exemplified 389 

from Fig. 4 in the previous study of the tissue-skeleton interface of coral carried out by 390 

Tambutté et al.(2007). Cellular physiologies and functions (i.e., biomineralization) are 391 

generally associated with their morphology (Tambutté et al. 2007; Vandermeulen 1975). 392 

Therefore, it is plausible that these two types of cells with morphological differences 393 



could have directly/or indirectly controlled the COC and fibers precipitations, 394 

respectively. 395 

After settlement in stage 2, the calcifying cells may start to exocytose the calcifying 396 

precursor and/or medium, which initiates skeletogenesis. It is controversial as to whether 397 

the precursor and/or medium is calcium-rich spherules (Tambutté et al. 2007; 398 

Vandermeulen 1975), aragonite crystal-bearing vesicles (Hayes and Goreau 1977), 399 

amorphous calcium carbonate (Mass et al. 2017; Von Euw et al. 2017), or organic matrix 400 

material (Tambutté et al. 2011; Weiner and Dove 2003). The process of cellular 401 

exocytosis may occur simultaneously for both types of cells, but each of their secretory 402 

products which could influence morphology and chemistry of carbonates (Albeck et al. 403 

1996; Chen et al. 2011; Fang et al. 2023; Teng and Dove 1997), are specialized and 404 

distinct, which can be inferred from the differences in chemical compositions between the 405 

COC and fibers. Additionally, both the intrinsic diurnal growth of the cells (i.e., cell 406 

division and diurnal contraction–expansion (Gladfelter 1983b; Raz-Bahat et al. 2006)) 407 

and extrinsic factors (i.e., the temperature and diurnal cycle in feeding (Constantz 1986; 408 

Gladfelter 1983b)) might determine the diurnal secretionary activities, which result in the 409 

relatively thin–long filaments and thick–short nodules being deposited during daytime 410 

and nighttime, respectively. Such diurnal accretion patterns were not observed in the 411 

fibers, which may be due to the relatively low viscosity of the mineralizing matrix either 412 

secreted by its calcifying cells or controlled by other mechanisms as compared with that 413 

of COC, or different mineralogical/geochemical conditions, i.e., lower crystal growth 414 

rates of fiber than that of COC (Cohen et al. 2009b; Sunagawa 2007). The COC are all in 415 

intimate physical contact with fibers, which might offer indirect evidence to support that 416 

the low viscosity of fiber material and unobservable diurnal patterns of fibers. The 417 

compositional differences between the fibers (water-rich) and COC (organic-rich) might 418 

contribute to their distinct viscosities, and facilitate the direct physical contact between 419 

the COC and fibers, and restrict lateral movement of the COC components.  420 



In the third stage, cell proliferation might increase the population of filaments and 421 

nodules and, given that the formation of each filament or nodule is controlled by an 422 

individual cell, this would cause COC branching dependent on the increase in cell 423 

numbers. In addition, interdigitating cells that overlap are common (Clode and Marshall 424 

2002; Clode and Marshall 2003), which would cause their individual secretions to also 425 

overlap. Cells coordination controlled by the transfer and receipt of feedback molecular 426 

signals might lead to the formation of multiple COC with quasi-parallel and/or radial 427 

patterns in the individual skeleton. 428 

This model highlights the spatiotemporal evolution of skeletogenesis based on 429 

calcifying cellular activities and their associated secretions. The three cellular stages may 430 

continue throughout the life of an individual coral, which ultimately leads to construction 431 

of a coral skeleton. Compared with previous study regarding the ultrastructures of coral 432 

skeleton based on SEM examination of acid-etched skeletal surface morphologies 433 

(Sugiura et al. 2021), our work combined 3D Raman imaging and CPRL images (with 434 

avoidance of possible surface modification or contamination during samples 435 

pretreatments) to unprecedentedly reveal ultrastructural distribution and growth features 436 

(especially COC which has not been completely visible previously) as well as chemical 437 

spatial distribution within the volume of skeleton, which benefits to gain more detailed 438 

and comprehensive insight into the possible biological control on skeletal ultrastructural 439 

growth. To further ascertain this possible model, additional work, especially 440 

interdisciplinary researches, e.g., cytobiology about the linkage of in vivo cells and coral 441 

ultrastructures will be needed. 442 

 443 

Implications 444 

A combination of Raman spectral imaging and cross-polarized reflected light 445 

microscopy imaging is an innovative approach to reveal the three-dimensional spatial 446 

distribution, arrangement of skeletal ultrastructures and their associated mineral and 447 



organic compositions within coral, which has never been reported previously and will 448 

provide a new perspective for studies on biocarbonate microstructure and 449 

biomineralization process.  450 

The important contributions of this work are the development of innovative research 451 

methods to gain insight into fine microstructures within biogenic carbonate, and the 452 

complement and further modification to the existing calcification mechanism models of 453 

coral, which may facilitate exploration in coral-based high temporal resolution such as 454 

daily or even diurnal paleoenvironmental reconstruction. Additionally, this work, from a 455 

cellular perspective, could also be beneficial to understand the response and adaptation of 456 

corals to climatic changes, which may lead to possible protection strategies for coral 457 

reefs. 458 
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 702 

Fig. 1 (a) Sample preparation procedure based on a previous study (Zou et al. 2021). (b) 703 

Schematic diagram of the Raman spectroscopy system and imaging procedure. 704 

 705 



 706 

Fig. 2 Typical Raman spectra for (a–c) COC, where (b) and (c) are enlarged views of 707 

parts of (a); and (d–f) fibers, where (e) and (f) are enlarged views of parts of (d). An 708 

integration time of 10 s was applied in acquiring spectra for both the COC and fibers. 709 

 710 
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Fig. 3 Two-dimensional images of the coral skeleton over an 85×125 µm area. (a) 712 

Reflected-light microscopic image; and (b–g) images obtained from the 1085, 217, 153, 713 

705, 3410, and 2910 cm–1 Raman bands, respectively. 714 

 715 

 716 

Fig. 4 (a–f) Three-dimensional Raman imaging of the Raman bands at 1085, 217, 153, 717 

705, 3410, and 2910 cm–1 in the coral skeleton. The imaged area is the same as that of the 718 

two-dimensional imaging (Fig. 2). Blue–purple regions in (a–e) correspond to the COC, 719 

and the yellow dotted rectangles indicate the parallel columns of COC.  720 
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 722 

Fig. 5 Optical microscopy images of the section of Porites coral skeleton. (a–b) 723 

Cross-polarized reflected light (CPRL) microscopy images of the same area imaged by 724 

Raman spectroscopy at different focusing depths; (c–h) Optical and CPRL microscopy 725 

images of two different sections of the sub-surfaced skeleton. (c) and (f) are optical 726 

microscopy images of the coral skeleton embedded in epoxy resin. (d–e) and (g–h) are 727 

CPRL microscopy images, with (e) and (h) being higher-magnification views of (d) and 728 

(g). The blue, white, yellow and red arrows indicate the fractures, nodules, filaments, and 729 

COC columns, respectively. And the dotted trapezoid indicates that the nodules changes 730 

with skeletal growth within an individual COC column. 731 
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 733 

Fig. 6 Working model of the process of coral mineralization involving three stages. (a) 734 

Attachment of calcifying cells, including round- and spindle-shaped cells. (b–c) 735 

Secretions by the round- and spindle-shaped cells form fibers and the COC, respectively. 736 

The spindle-shaped cells dominate COC accretion in the form of filaments and nodules in 737 

daytime and nighttime, respectively. (d–e) Cell proliferation causes COC branching.  738 
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