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1. Introduction
The exoskeletons of modern scleractinian corals consist of aragonite, despite the fact that among CaCO3 poly-
morphs, aragonite is not as thermodynamically stable as calcite in environments of coral habitats. Some condi-
tions are proposed to be influencing polymorph selection in coral calcification. Among them is the Mg/Ca 
molar ratio (mMg/Ca) in seawater. When CaCO3 precipitates abiotically from an aqueous solution, the mMg/
Ca impacts polymorph selection; aragonite (calcite) precipitates from solutions with high (low) mMg/Ca (Davis 
et al., 2000; Kitano, 1962). Biotic precipitation exhibits a comparable trend; fluctuation of the mMg/Ca (0.5–5.2) 
of seawater throughout the Phanerozoic has been involved with aragonite and calcite biotic precipitation transi-
tion (Horita et al., 2002; Lowenstein et al., 2001; Stanley & Hardie, 1998; Timofeeff et al., 2006). In the current 
seawater with the mMg/Ca  =  5.2, scleractinian corals develop aragonite skeletons. Conversely, it was noted 
that several Late Cretaceous (∼70 Ma) corals formed calcite skeletons in the seawater with the low mMg/Ca of 
∼1  (Stolarski et al., 2007). Yet in such seawater with the mMg/Ca of ∼1, other corals established aragonite skele-
tons (Janiszewska et al., 2017; Sorauf, 1999). Likewise, research endeavoring to construct symbiotic coral skele-
tons in synthetic seawater have demonstrated that aragonite is continuously a significant phase in coral skeletons 
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in mMg/Ca ranges of 0.5–5.2 (Higuchi et al., 2014; Ries, 2010; Ries et al., 2006). To explicate the presence of 
calcite skeletons grown in seawater with an mMg/Ca of ∼1, there needs to be some components besides the mMg/
Ca to influence CaCO3 polymorph selection.

Temperature potentially modifies the abiotic precipitation of CaCO3 polymorphs from a liquid (Balthasar & 
Cusack, 2015); culture tests of corals have illustrated that calcite is a major phase when symbiotic corals reared in 
seawater at mMg/Ca ≤ 1.0 and 19°C (Higuchi et al., 2017). However, environmental conditions with low mMg/
Ca and temperatures for calcitic skeleton construction would be difficult habitats of symbiotic corals in natural 
environment, even during the Cretaceous period, because symbiotic corals favor tropical and subtropical regions, 
with temperatures ranging from 23°C to 29°C (NOAA, 2021).

CaCO3 polymorph selection governed by taxa-specific biomineralization was proposed as a different mecha-
nism for varying skeletal mineralogy because fossil calcitic and aragonitic corals delineated separate taxa (tradi-
tional caryophyllid coral Coelosmilia and basal-scleractinian Micrabacia, Janiszewska et  al.,  2017; Stolarski 
et al., 2007). To determine this prospect, research is needed, such as whether the coral in the identical taxa forms 
both aragonite and calcite.

Symbiotic relationships of corals with dinoflagellate algae called zooxanthellae (Symbiodinium spp.), which 
substantially transform coral metabolism, additionally impact biomineralization proceedings (e.g., Frankowiak 
et al., 2016). Thus, we insinuate that algae-coral symbiosis may additionaly persuade CaCO3 polymorph selec-
tion. To examine this hypothesis, we cultured aposymbiotic scleractinian juveniles (Acropora spp.) in seawater 
with different mMg/Ca at room temperature. Acropora tenuis and Acropora digitifera were the same species 
employed in earlier investigations culturing symbiotic corals with zooxanthellae (Higuchi et  al.,  2014; Ries 
et al., 2006) and now utilized further in this inspection to evade potential taxon-specific consequences. Skeletal 
mineralogical characteristics of the cultured aposymbiotic corals were defined using X-ray diffraction (XRD) to 
scrutinize the task of symbiotic relationships at the time of calcification.

2. Materials and Methods
Acropora tenuis and Acropora digitifera corals were collected prior to the expected spawning date from the north 
of Sesoko Island, Okinawa, in 2014. These species were selected because they produce eggs without symbionts 
(horizontal transmitters), and it is easy to manipulate their juveniles without symbionts (Baird et al., 2009; Harii 
et al., 2009). The samples were kept in outdoor tanks at the Sesoko Station, Tropical Biosphere Research Center, 
University of the Ryukyus. After spawning, the gametes of each species were collected and mixed for indoor 
fertilization and the fertilized eggs of each species were placed in separate containers filled with filtered seawater 
(0.22 μm) from the Sesoko reef until the planula larval stage. Seawater of the containers was replaced daily.

The planulae larvae were placed in filtered seawater to isolate them from symbionts for 4 days. These planulae 
larvae were gradually acclimated to seawater with various mMg/Ca ranging from 0.6 to 5.2 (Table 1), for another 
4 days. Details about the seawater are provided in Text S1 and Table S1 in the Supporting Information S1.

The artificial peptides (Hym-248) were added to each seawater type, and the final peptide concentration in the 
seawater treatment was approximately 1 × 10 −6 M (Iwao et al., 2002) for larval metamorphosis and settlement 
on plastic containers. The larvae settled within 12 hr of the addition of Hym-248, and they were then maintained 
at 24°C–26°C for 8 days. Seawater treatments were replaced daily during culture. The containers with polyps 
were kept indoors with indirect sunlight and a fluorescent lamp which would be turned off at night. No food was 
supplied to the polyps due to the short experiment period, because their larvae can settle almost 2 months without 
foods (Nishikawa et al., 2003).

After primary polyp culture, samples were soaked in tap water and then in liquid sodium hypochlorite for more 
than 1 hr to remove organic materials from the surface of the coral skeleton. Samples were then cleaned several 
times using distilled water, dried at ∼25°C, and collected from the plastic containers using a brush tip. Skeletal 
frameworks were first viewed beneath an optical microscope, and then the most structurally undamaged skeleton 
from each group in a given mMg/Ca seawater treatment was selected for establishing the CaCO3 polymorph 
utilizing an X-ray diffractometer (MicroMax-007 HF; Rigaku Co., Ltd.; MoKα; λ = 0.7107 Å). To produce a 
sample reflection against the incident X-ray beam collimated to <100 μm, the stage was rotated around the verti-
cal axis. The rotation angle was adjusted for each sample. The two-dimensional diffraction intensity data were 
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integrated along Debye–Sherrer rings and converted to conventional one-dimensional intensity data using IPAna-
lyzer software (Seto et al., 2010). The XRD data was examined by the Rietveld method to approximately suggest 
the proportionate weight ratios of aragonite and calcite in the skeletons, using the GSAS-II program (Toby & 
Von Dreele, 2013). The values of ratio were rouded to the nearest hundredth, because XRD has a detection limit 
of ∼1% by volume in general and standard deviation of these analysis were less the third decimal places. Details 
about the quantitative phase analysis are provided in Text S2 and Figure S1 in the Supporting Information S1. 
Each skeleton was weighed employing an electronic microscale (Mettler UMT2, 0.001 mg accuracy, Mettler-To-
ledo) to compare them with the calcite appearance (Table 1). The Tukey–Kramer test was conducted to compare 
the differences in growth rates among treatments.

3. Results
The skeletons of juvenile corals lacking symbiotic algae cultured under different mMg/Ca are displayed in 
Figure 1. All aposymbiotic corals developed a standard skeletal composition including a basal plate, skeletal 
branches, and six-fold symmetry (i.e., common characteristics connected with those symbiotic corals). They also 
preserved their skeletal structures throughout growth in seawater with mMg/Ca ranging from 0.6 to 5.0.

XRD patterns suggested that the skeletons were comprised of aragonite and/
or calcite (Figure  2). Generally, a CaCO3 polymorph can be identified by 
employing two aragonite peaks that appear at 2θ of ∼12.0° and a calcite peak 
at 2θ of ∼13.5°. Aragonite peaks were evident in the XRD spectra of the 
skeletons of Acropora tenuis and Acropora digitifera when mMg/Ca were in 
the ranges of 1.5–5.0 and 0.9–5.0, respectively (Figures 2a and 2b). However, 
calcite peaks emerged in Acropora tenuis at mMg/Ca < 2.4 and in Acrop-
ora digitifera at mMg/Ca ranging from 0.6 to 5.0. It is recognized that the 
aposymbiotic corals formed completely calcitic skeletons at mMg/Ca < 1.0 
in Acropora tenuis and <0.6 in Acropora digitifera. Quantitative analysis of a 
CaCO3 polymorph by XRD indicated that the calcite ratios rose with dimin-
ishing mMg/Ca below 2. The skeletal weight seemed to steadily decrease as 
the mMg/Ca decreased regardless of the calcite emergence, and the signifi-
cant decrease of skeletal weight exactly respond to increase ratio of calcite 
was not detected using Tukey–Kramer test (Table 1), although the presence 
of calcite might provoke the loss of the skeletal weight (Higuchi et al., 2014).

Ca (mmol/l) Mg (mmol/l) mMg/Ca

Acropora tenuis Acropora digitifera

Calcite wt 
ratio

Average skeletal weight 
(μg)

Calcite wt 
ratio

Average skeletal 
weight (μg)

21.33 (26) 13.41 (16) 0.63 (1) 1.00 35.71 (n = 16) 1.00 34.43 (n = 9)

19.81 (33) 17.33 (30) 0.87 (2) 1.00 35.96 (n = 18) 0.51 40.17 (n = 11)

9.42 (4) 13.96 (13) 1.52 (2) 0.04 34.48 (n = 18) 0.56 48.54 (n = 21)

10.82 (16) 21.95 (11) 2.03 (3) 0.21 54.55 (n = 2) 0.03 41.38 (n = 15)

14.87 (38) 35.27 (99) 2.37 (9) 0.04 41.82 (n = 20) 0.08 52.43 (n = 21)

10.20 (30) 27.64 (108) 2.71 (13) 0.00 40.09 (n = 7) a 0.07 49.86 (n = 19) a

13.08 (31) 41.51 (115) 3.17 (12) 0.00 51.64 (n = 16) 0.01 68.83 (n = 23) a

9.82 (16) 34.44 (95) 3.51 (11) 0.00 32.50 (n = 1) 0.07 50.51 (n = 18)

10.37 (5) 51.68 (107) 4.98 (11) 0.00 52.72 (n = 12) 0.02 54.91 (n = 37)

Note. The numbers in parentheses for Ca, Mg, and mMg/Ca are standard deviations.
 aSkeletal weights between values with superscript character “a” and the values of groups with less mMg/Ca are significantly 
different on the basis of Tukey–Kramer honestly significant difference test (P < 0.05).

Table 1 
Concentrations of Ca and Mg, mMg/Ca in Seawater, and Features of Coral Skeletons

Figure 1. Optical microscope images of (a) Acropora tenuis and (b) Acropora 
digitifera. The values displayed at the top left corner of each image are the 
mMg/Ca of the treatment seawater.
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4. Discussion
Juvenile aposymbiotic corals created aragonite skeletons at elevated mMg/
Ca (≳3), calcite skeletons at mMg/Ca ≲ 1, and blended aragonite and calcite 
skeletons at mMg/Ca > 1 and ≲3. The culture examination of a symbiotic 
coral illustrated that calcite, in addition to aragonite, occurs at mMg/Ca ≲ 2 
and their skeletons are comprised of more than half weight aragonite at mMg/
Ca between 0.5 and 5.2 (Acropora tenuis; Higuchi et al., 2014). Addition-
ally, abiotic CaCO3 chemical deposition from CaCl2-MgCl2-NaCl-NaCO3aq 
in imitation seawater at 25°C displayed solely aragonite precipitated at 
mMg/Ca  >  2.2, just calcite precipitated at an mMg/Ca  <  0.5, and arago-
nite and calcite co-precipitated at mMg/Ca ranging from 0.5 to 2.2 at 25°C 
(Balthasar & Cusack,  2015). In contrast with these conclusions, the rela-
tionship between the mineral assembly of aposymbiotic coral skeletons and 
mMg/Ca, which was established in this research, was more comparable to 
that of abiotic chemical depositions than that of the symbiotic corals. This 
indicates that the mMg/Ca of seawater more heavily impacts polymorph 
selection in aposymbiotic corals than symbiotic corals. A discrepancy is 
anticipated in the mMg/Ca between ambient seawater and the coral calci-
fication space because coral calcification occurs in tiny calcification spaces 
filled with the so-called “calcification medium”, which are separated from 
seawater by coral  tissue itself and their action of modifing the calcification 
medium (Clode & Marshall, 2003; Johnston, 1980; Tambutté et al., 2007); 
therefore, minor variations in the mMg/Ca range at which aragonite and 
calcite appear as abiotic chemical deposits and aposymbiotic coral skeletons 
are conceivable.

Aposymbiotic coral formed complete calcitic skeletons at mMg/Ca ≲ 1.0 in this investigation, while symbiotic 
corals shaped primarily aragonitic skeletons at the equivalent mMg/Ca (Higuchi et al., 2014), in juvenile Acropora 
spp. Such various mineral assembly of the skeletons at the equal mMg/Ca implies some element impacted poly-
morph selection apart from the mMg/Ca and the taxa-specific consequence, as formerly announced (Higuchi 
et al., 2014; Janiszewska et al., 2017). The main difference in these studies is the existence or nonexistence of 
symbiotic relationship. Although further experiments comparing skeletons of primary polyps which grow with 
symbiotic or aposymbiotic under the same conditions are needed to make a more precise conclusion, a possible 
interpretation is that the symbiotic relationship between corals and zooxanthellae likely promotes the physio-
logical biomineralization of corals and encourages the structure of aragonite skeletons. One achievement of this 
may be allowing the coral to be tolerant to changes in its encompassing habitats, such as through the symbiotic 
relationship (Ohki et  al.,  2013). Ries et  al.  (2006) and Higuchi et  al.  (2014) proposed that aragonite-forced 
organic matrices create the potential for symbiotic corals to form aragonitic skeletons in calcitic sea conditions  
(mMg/Ca < 2.0). Organic matrices heterogeneously implanted in coral skeletons may be practicable templates 
for aragonite nucleation (Cuif et al., 2003). On the other hand, soluble organic matrices extracted from coral skel-
etons of Acropora digitifera may inhibit aragonite growth (Falini et al., 2013). Symbiotic algae might contribute 
to the production of organic matrices that shape aragonitic polymorphic CaCO3 phase selection and/or counteract 
the effects of inhibiting aragonite growth, though further experiments considering both of the function of organic 
matrix and presence or absence symbiont in coral calcification are needed for revealing the detail function of 
symbionts.

The length of culturing should be also be taken into consideration as a factor affecting polymorph selection of 
CaCO3. In this research, we cultured aposymbiotic corals for 8 days, conversely, Higuchi et al. (2014) cultured 
symbiotic corals with aragonitic skeleton for 2 months; moreover, Vandermeulen and Watabe (1973) and Gilis 
et al. (2014) recorded trace amounts of calcite in the skeletons of Pocillopora damicornis grown with zooxan-
thellae over 3 days. Calcite seems to possibly precipitate at the earliest coral calcification stage rather than during 
the adult stage. This might be related to the amount of calicoblasts, which are cells involved in the production 
of skeletons and are abundance in primary polyps as compared to adults (Levy et al., 2021). On the other hand, 
the modern aposymbiotic screractinian coral Paraconotrochus antarcticus forms a matured skeleton comprising 

Figure 2. X-ray diffraction (XRD) patterns for coral skeletons cultured in 
various mMg/Ca seawaters. (a and b) are one-dimensional XRD patterns 
for Acropora tenuis and Acropora digitifera, respectively. Intensities of the 
patterns with (a and b) are scaled at ×2 and ×0.5, respectively, for easier 
visibility. Positions pointed out by the short, vertical lines below the XRD 
profiles show where peaks would usually appear for aragonite and calcite. Arg: 
aragonite, Cal: calcite.
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calcite and aragonite in the Southern ocean (Stolarski et al., 2021). The absence of a symbiotic relationship may 
assist in the precipitation of calcite in mature coral, in addition to the taxa-specific affecting polymorph selection 
in calcification and the unexpected influence of its temperature (0.5°C–3°C in the Southern ocean) exceeding the 
range observed in previous studies discussing the influence of temperature on polymorph selection (Balthasar & 
Cusack, 2015; Higuchi et al., 2014). These might insinuate immature symbiotic relationships in the course of the 
beginning calcification stage. Thus, this investigation proffered that the symbiotic relationship is a prospective 
feature affecting polymorph selection in coral skeletons.
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