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Abstract

:

Studies on the early development of corals are required for academic research on coral reefs and applied reef conservation, but the interval between observations is usually weeks or months. Thus, no study has comprehensively explored the development of coral larvae after settlement. This study observed Galaxea fascicularis, Mycedium elephantotus, Pocillopora verrucosa, and Seriatopora caliendrum larvae after settlement, including their growth process and the formation of tentacles, skeletons, and polyps. The G. fascicularis and M. elephantotus polyps exhibited the skeleton-over-polyp mechanism, whereas the P. verrucosa and S. caliendrum polyps exhibited the polyp-over-skeleton mechanism. During asexual reproduction, the Symbiodiniaceae species clustered on the coenosarc, resulting in polyp development and skeletal growth. M. Elephantotus was unique in that its tentacles were umbrella-shaped, and its polyp growth and Symbiodiniaceae species performance during asexual reproduction differed from those of the other three corals. Although both P. verrucosa and S. caliendrum have branching morphologies, their vertical development stages were dissimilar. S. caliendrum relied on the mutual pushing of individuals in the colony to extend upward, whereas P. verrucosa had a center individual that developed vertically. The findings of this study can serve as a reference for future research on coral breeding, growth, and health assessments.
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1. Introduction


Most studies on corals have focused on developing methods to rapidly breed corals in large numbers [1]. Some methods involve the separation of coral colonies and their individual cultivation [2]. Although this strategy can increase coral numbers and reduce costs, it would cause a decline in their genetic diversity. Studies on the breeding of corals have investigated the developmental process and its molecular effects on coral sperm, eggs, and embryos [3,4]. Moreover, a study examined the effects of different stress and stimulation levels on the developmental process of corals [5]. A previous study investigated differences in cell differentiation and gene expression before and after the larval settlement of corals [6]. However, most studies have focused on developing methods to increase the settlement rate, survival rate after settlement, and growth rate of coral larvae; investigated the effects of environmental stress on these rates; and identified techniques to cultivate, collect, and release coral larvae in large quantities [7,8]. One study designed a method to increase the number of settled coral larvae and determined appropriate growth conditions and breeding techniques for coral larvae [2].



Environmental stress results from changes in marine factors required for survival, including sea temperature, salinity, and organic salt content [9]. Environmental stress inhibits sexual reproduction in corals because corals stop producing sperms and eggs, or break down cells and recycle them to produce the energy required to resist environmental stress [10]. The fertilization rate of coral eggs is low in highly turbid water, even after the successful release of gametes by corals [11]. In addition, high sea temperatures cause abnormalities in fertilized eggs, such as those related to the development of embryos and the settlement of coral larvae [12]. Factors related to organic matter in the ocean, chemicals released from fishing boats, sea temperature, and the marine environment directly affect coral larvae [13,14]. These factors can reduce the settlement rate and survival rate after settlement of larvae. Settled coral larvae are required to resist stress and compete with other species, particularly algae, until they grow to a certain size and become tolerant [15]. The growth process of coral larvae is considerably long. Studies examining reproduction in corals have focused mainly on the survival and growth of coral larvae. The time interval required between observations can range from weeks to months [16,17]. Moreover, with this temporal resolution, the developmental process of coral larvae after settlement cannot be precisely observed.



Coral larvae enter the benthic phase after their settlement. In the benthic phase, a series of changes occur that vary among species. Under normal conditions, corals are immobile after their settlement, and their growth, development, and survival depend on the surrounding environment. However, because of climate change and global warming, the marine environment has become increasingly unfavorable for corals. Under artificial breeding conditions, the growth environment of corals can be adequately maintained by eliminating harmful environmental factors. Data on the growth phases of coral larvae are required to evaluate their health and cultivation environment conditions. Numerous studies have investigated coral larvae in the planktonic phase. However, those studies have majorly focused on the collection and settlement of coral larvae and determining factors affecting their settlement [18,19,20,21]. However, whether corals can successfully grow can be determined in the benthic phase. Thus, exploring the development of corals during the benthic phase can provide information on their survival rate, expansion rate, gene expression, and physiological expression under environmental stress.



Most studies on corals have investigated methods used to rapidly breed corals in large numbers; however, the time interval required between observations can range from weeks to months. Thus, no study has comprehensively explored the development of coral larvae after settlement. This study examined the growth phases of settled coral larvae by evaluating the polyps and skeleton as well as the formation of tentacles and new individuals. The complete developmental process of settled coral larvae was documented to provide a practical reference for studies on coral breeding, disease, and health.




2. Materials and Methods


2.1. Experimental Species


Galaxea fascicularis (Figure 1a) has small polyps that are semicircular or cylindrical in shape. G. fascicularis produces colonies through asexual budding, and its coral colonies exhibit an encrusting morphology and can be brown or green. In addition, G. fascicularis reproduces sexually through spawning. Numerous studies have investigated reproduction in G. fascicularis [22]. We used the eggs of G. fascicularis in this study; these eggs were pink and were not infected by the Symbiodiniaceae species. Mycedium elephantotus (Figure 1b) colonies exhibit a laminar or encrusting morphology. M. elephantotus produces colonies through the asexual budding of polyps; the new polyps grow outward and surround the central polyp in a radial pattern. M. elephantotus is a hermaphrodite and reproduces sexually through spawning. Its eggs are light yellow and not infected by the Symbiodiniaceae species. Seriatopora caliendrum (Figure 1c) colonies can be observed as irregular branches. The branches are considerably thick, and their roots are as thick as their tips. The branches are brown or cream. S. caliendrum produces colonies through asexual budding; the new polyps grow in an orderly manner along the branches. S. caliendrum is a hermaphrodite and reproduces sexually through brooding. The coral larvae are infected by the Symbiodiniaceae species, and the Symbiodiniaceae species are evenly distributed within the larvae. Pocillopora verrucosa (Figure 1d) colonies develop as irregular branches with a plantar war structure; the thickness of the branches depends on the depth of water and currents. P. verrucosa produces colonies through asexual budding, where new polyps develop on the wart-like structure. P. verrucosa is a hermaphrodite, and it reproduces sexually through brooding. The coral larvae are infected by the Symbiodiniaceae species, and the Symbiodiniaceae species are mainly concentrated at one end of the larvae (e.g., the mouth).




2.2. Sample Collection


The sperms and eggs of wild G. fascicularis and M. elephantotus were collected during spawning from April to May in 2020 and 2021. Divers collected the samples at Kenting, Taiwan (21°56′ N, 120°44′ E). When spawning began at night, the divers collected eggs, sperms, and sea water from the sampling location in the 50-mL syringes (Terumo, Tokyo, Japan). The collected samples were rapidly transported to the Laboratory of the National Museum of Marine Biology and Aquarium for subsequent experiments. The colonies of P. verrucosa and S. caliendrum were collected, transported to the aquaria every month, and placed in customized larval collection boxes (Figure 2) [23]. When the corals released larvae, the larvae flowed out of the boxes and were collected into larval collection cups. The cups had filters on the bottom to enable sea water to flow through and carry the larvae.




2.3. Fertilization Experiment


The sperm and egg samples of G. fascicularis and M. elephantotus were placed into beakers and evenly stirred for fertilization. The sea water samples were filtered twice using 0.4-μM filter papers and vacuum pumps. Next, 3-mL droppers were used to transfer the fertilized eggs into beakers containing fresh filtered sea water (FSW) for cleaning. Subsequently, the eggs were transferred to Petri dishes (90 × 15 mm) containing FSW, and the Petri dishes were observed under a dissecting microscope to examine the developmental process of the fertilized eggs.




2.4. Cultivation and Feeding


The embryos of G. fascicularis and M. elephantotus were transferred to Petri dishes containing FSW, and the dishes were placed at room temperature (26 °C). Because undeveloped embryos would undergo degradation and contaminate FSW, the water was changed daily. After the embryos developed into larvae and most of the larvae were settled, the Petri dishes were transferred to the aquaria and placed inside a 0.6-ton sea water tank. Furthermore, the larvae of P. verrucosa and S. caliendrum were transferred to Petri dishes and placed at room temperature. However, because the coral larvae had Symbiodiniaceae, artificial lights (ComboRay CR60, Illumagic, Tainan, Taiwan) were placed on the top of the Petri dishes during cultivation. Most of the larvae settled after approximately 1 month. The settled larvae in the Petri dishes were transferred to the aquaria and placed inside a 0.6-ton sea water tank. The Petri dishes were placed in baskets with holes under tiles to prevent the larvae from being swept away by the current generated by the wave maker. The sea water tank was installed with a cooling circulation system; sea water flowed into the circulation tank, and the motor redirected the water into the feeding tank. If the temperature of the water was considerably higher, the cooling system automatically reduced the temperature and maintained it at 27 °C on average. The tank was equipped with a wave maker to evenly stir sea water. Inlets for natural sea water and circulating water were covered with a filter bag to reduce the amount of suspended matter present in the tank water. The filter bag was cleaned weekly, and algae and sediments were eliminated as much as possible without affecting the corals.




2.5. Observation Records


The fertilized eggs or larvae were placed in Petri dishes containing FSW and observed using a dissecting microscope (Discovery V8, SteREO; Zeiss, Jena, Germany). After the settlement of the coral larvae, they were photographed daily in the first week and then once every 2 days until 1 month. After 1 month, the corals were photographed weekly. After careful cleaning of the Petri dishes under a dissecting microscope (SZ51, Olympus, Tokyo, Japan), the corals were observed. The Petri dishes were thoroughly cleaned and photographed. When growth changes, such as infection with Symbiodiniaceae and polyp budding, were noted, the corals were photographed daily and observed under the fluorescence condition. The photographs were used to observe changes in the growth of the polyp skeleton. To facilitate the observation and photography of the skeleton, the polyps were stimulated and contracted using pointed droppers; no physical harm was caused to the polyps when droppers were used. The time required for the coral larvae to reach a certain phase was defined as the time required for at least one of the larvae to reach that phase. The following phases were observed: coral settlement, skeleton development, tentacle development, complete polyp development, and new individuals’ asexual budding. In addition, the settlement rate of the coral larvae, and the survival rate of the coral spats after settlement were calculated.





3. Results


3.1. Development of G. fascicularis Spats


Figure 3 presents the development of G. fascicularis and the time required for the spats to enter each phase after settlement. After the development and maturation of the larvae, they searched for a suitable location to settle. After settlement, a colorless circular hole was observed in the center of the spat (Figure 3a; 0 day post settlement), which eventually developed into its mouth. The polyps contracted, expanded, and became flat and transparent. Over time, the interior of the polyps was divided into six sections (Figure 3b; 1 day post settlement). The polyps began to develop their skeleton from the bottom. During this phase, the development of the calcium-based basal plate began, and six septa were formed in the interior (Figure 3c; 5 days post settlement). The septa gradually grew and extended along the edge of the colony until they reached the outer epidermis; the epidermis grew along the surface of the polyps and covered them, forming the epitheca. The polyps were cylindrical and protected by the epitheca (Figure 3d; 9 days post settlement). The formation of the mouth was observed during this phase. Fluorescence microscopy revealed a high amount of green fluorescent protein around the mouth. The polyps could eat during this phase and were infected with Symbiodiniaceae; the infection could be viewed under red fluorescence. After 14 days, the polyps covered by the epitheca began to form tentacles. Initially, a few circular tentacle buds were observed on the septa (Figure 3e; 23 days post settlement). These tentacle buds became more prominent and began to protrude over time (Figure 3f; 1 month post settlement). Their roots aligned with the septa and began to protrude from the epitheca with the growth of the tentacles. In addition to the original six tentacles observed on the six septa, new tentacle buds were observed. The roots of these new tentacles formed six new small septa (Figure 3f). During this phase, Symbiodiniaceae species were concentrated into the upper sections of the infected polyp, namely the tip and tentacles (Figure 3g; 1 month post settlement). With the growth of the coral polyps, Symbiodiniaceae species present inside the polyps began to bud and caused the polyps to appear dark brown (Figure 3h; 1.5 months post settlement). The tentacles gradually extended outward (Figure 3i; 2 months post settlement) until the upper part of the polyps was completely extended and all the tentacles were spread out (Figure 3j; 2.5 months post settlement). After approximately 3 months, the coral polyps had fully developed (Figure 3k), and the polyps began to extend toward the epitheca and gradually cover it (Figure 3l).



Figure 4 presents the asexual reproduction of a G. fascicularis polyp. After approximately 3 to 4 months, the polyps expanded and small tumor-like materials began to form near the original polyps. Symbiodiniaceae species were concentrated in the tumor-like materials, and after 6 months, a few new polyps of various sizes were formed around the original coral polyps. The surrounding polyps initially exhibited small bumps (Figure 4a,b). Over time, the surrounding Symbiodiniaceae species were concentrated around the center, and the surrounding area became white because of the absence of Symbiodiniaceae species (Figure 4c,d). Furthermore, sagging regions without Symbiodiniaceae species were noted in the bumps (Figure 4e,f). The new polyps could be distinguished from the growing tentacles on the basis of the color of Symbiodiniaceae species (Figure 4g,h). Symbiodiniaceae species were concentrated near the tip of the polyps, and the basic skeleton structure began to form. After 7 months, the formation of the white circular skeleton and septa was observed (Figure 4i,j). Over time, the new polyps began to grow their skeletons, which gradually became similar to the skeletons of the original polyps (Figure 4k,l). The new polyps grew on the edges of the coral colonies. When sufficient space was available, the new polyps grew and radiated outward. Subsequently, they gradually adjusted and grew upward.



After 10 months, two G. fascicularis coral colonies with different polyps began to make contact (Figure 5). The brief fusion of the polyps was observed through fluorescence microscopy, and the polyps exchanged their internal Symbiodiniaceae species. It is also possible that the coral tissue might be damaged due to colony–colony competition (Figure 5a,b). However, after 2 days, the contact was disrupted, and no further fusion occurred (Figure 5c,d). The polyps in the two coral colonies began to compete upon contact, and instead of the expansion of the basal plate, a septum formed as a boundary between the colonies. The polyps growing near the boundary experienced growth pressure, and their skeletons curved as they grew. The coral colonies had a competitive relationship, and the boundary between them began to grow and slant toward one side.




3.2. Development of M. elephantotus Spats


Figure 6 presents the life cycle and time points for the growth events of the M. elephantotus larvae after settlement. After the development and maturation of the spats, they metamorphosed into primary polyps on the fifth day of settlement. After settlement, a colorless circular hole was observed in the center of the spat (Figure 6a; 0 day post settlement) that eventually developed into its mouth. The polyps began to divide into six sections. The calcium-based basal plate developed around the polyps, thus forming the epidermis, whereas six septa were formed in the interior (Figure 6b). The skeleton of the outer epidermis grew along the polyps until it became an epitheca that covered the polyps (Figure 6c). The septa formed inside the polyps were connected to the epitheca in a cylindrical structure (Figure 6d; 25 days post settlement). During this phase, the mouth and coelenteron were fully developed. When the polyps swallowed Symbiodiniaceae species, resulting in a symbiotic relationship, the Symbiodiniaceae species spread from the center to other parts of the polyps. Tentacles began to form after approximately 1 month (Figure 6e), and Symbiodiniaceae species were evenly distributed within the polyps (Figure 6f; 1.5 months post settlement). During this phase, 12 tentacles developed, and they were closely connected in the shape of an upright umbrella; Symbiodiniaceae species were evenly distributed among the tentacles. The bottom septa slightly protruded from the epitheca (Figure 6g; 2 months post settlement). New tentacles began to sag inward from the tips of the original tentacles and underwent budding with each tentacle splitting into three tentacles. The roots of the new tentacles formed new septa, and differences in the size of the tentacles began to appear (Figure 6h; 3 months post settlement). After approximately 3 months, the polyps were noted to have several large tentacles; upon closer inspection, we observed a few long tentacles protruding outward and a few short tentacles in the sagging regions (Figure 6i). Fluorescence microscopy revealed that fluorescent proteins were distributed along the umbrella-like surface, particularly near the tips and grooves of the tentacles. The interior portion of their skeleton developed into dense septa, and the polyps began to extend outward (Figure 6j). Over time, differences in length between the long and short tentacles gradually decreased, and the polyps became circular; brown and white stripes were noted on the polyps (Figure 6k). Because of the enlargement of the polyps, their mouths and some parts on the top sections were visible even when the tentacles were retracted. The bottom sections of the polyps expanded, and costae formed from the extension of septa (Figure 6l). After approximately 7 months, an accident occurred that severely damaged the corals. Most of the polyps died, and after first-aid treatment, only a few healthy polyps remained on the skeleton. After approximately 1 year, each remaining polyp produced three new polyps (Figure 6m,n). With the recovery of the coral colony, the new polyps exhibited the same characteristics as did the old polyps. The top sections of the new polyps had tentacles of a similar length arranged in circles, and brown stripes were observed. The new polyps were not covered by the epitheca and gradually extended outward; however, the lack of Symbiodiniaceae species caused the polyps to appear white (Figure 6o,p).



Figure 7 presents the budding of M. elephantotus and the fission of the outer polyps. After the 17th month, the top sections of the polyps exhibited a corona-like structure. The outer polyps did not exhibit any tentacles, and they appeared round and smooth (Figure 7a). The Symbiodiniaceae species left the location in which new polyps were expected to grow, thus forming a white region (Figure 7a,b); this resulted in the asexual budding of the M. elephantotus polyps. A few openings were formed in this white region, which developed into the mouths of the new polyps (Figure 7c,d). Due to the inner costae attached with the polyps closely; green fluorescence traces represented the margins of the inner costae, and the fusion of the inner costae was observed in the white region. The top sections of the corona of the outer epidermis of the polyps grew similarly to the new tentacles. Several regions on the outer epidermis grew by splitting into three regions, and nodes on the inner costae were observed after new growth (Figure 7e,f). The ends of the outer epidermis grew outward; however, new polyps did not grow. These regions became brown stripes observed on the polyps (Figure 7g,h). The presence of numerous Symbiodiniaceae species at the ends resulted in the more prominent appearance of brown stripes. The polyps in these regions continued to grow, and Symbiodiniaceae species gradually spread out. Over time, the region without Symbiodiniaceae species expanded (Figure 7i,j); the new mouths and their features became more prominent (Figure 7k,l).




3.3. Development of S. caliendrum Spats


Figure 8 presents the developmental stages and time points for the growth events of the S. caliendrum spat. S. caliendrum sexually reproduces through incubation, and its larvae are dark brown and contain numerous Symbiodiniaceae species evenly distributed throughout (Figure 8a). After the settlement of the larvae, the skeletons developed rapidly, and a few long skeletons grew from the outside of the young polyps toward the center and formed septa. Next, the two sides of the septa formed triangular laminar skeletons that were connected together; the skeletons extended to the basal plates and formed the theca (Figure 8b; 2 days post settlement). With the development of the skeletons, the tentacles formed on the polyps, and the base of the skeletons and costae resulted in the formation of short spindle-shaped skeletons that grew outward (Figure 8c and Figure 9a; 9 days post settlement). The number of the spindle-shaped skeletons increased, and they grew longer with the development and expansion of the polyps. Over time, the new polyps began to bud (Figure 8d; 1 month post settlement). Few Symbiodiniaceae species were distributed around the coenosarc, and they remained concentrated around individual spindle-shaped skeletons. With the development of the new polyps, the spindle-shaped skeletons surrounding the central spindle-shaped skeleton began to curve toward the central spindle-shaped skeletons (Figure 9b). Thus, the spindle-shaped skeletons became laminar and formed the septa for the new polyps (Figure 9c). The growth of the central spindle-shaped skeletons stagnated, and their top sections flattened, becoming the columella of the new polyps (Figure 9c). Finally, the new polyps formed tentacles, and thecae formed between the septa (Figure 9d). At this time point, the skeletons of the new polyps had fully developed. The ability of the coral colony to grow upward was correlated with the angle and density of the new polyps formed through budding. During the growth of the coral colony, the original polyps were displaced, forming new polyps (Figure 8e; 1.3 months post settlement), and the skeletons of the new polyps grew outward and caused an increase in the growth angle, thus forming bumps (Figure 8f; 1.5 months post settlement). The new polyps grew densely along the bumps, causing the bumps to extend and become branches (Figure 8g; 2.5 months post settlement). However, when space between the new polyps increased without the polyps affecting each other, the overall structure of the coral colony would become flatter; the branch structure can be explained by this growth mechanism. Additional branches were formed by the polyps growing on the ends of the branches that had small growth angles; this process prevented the originally upward-growing polyps from growing along the branches. Thus, the new polyps grew sideways and formed new branches.




3.4. Development of P. verrucosa Spats


Figure 10 presents the developmental stages and time points for the growth events of the P. verrucosa spats. P. verrucosa reproduces sexually through brooding, and its larvae contain Symbiodiniaceae species. The Symbiodiniaceae species in the larvae were distributed in patches, and most were concentrated near the end of the larvae, imparting the larvae a distinct dark-brown tail (Figure 10a). After settlement, some spats gradually metamorphosed into primary polyps, and their tails started to form tentacles. Some polyps exhibited fully developed tentacles without skeletons (Figure 10b,c; 7days post settlement). Because the settlement time of each larva differed, various developmental stages were observed within a single timeframe. Short, triangular, spindle-shaped skeletons started to form on the outside of the polyps, with the tips of the triangles pointing inward. The spindle-shaped skeletons grew toward the center and formed large triangular septa (Figure 10d). Stripe-shaped skeletons were formed at the approximate center of the septa and were connected together, forming the theca. The theca was not in contact with the basal plate; hence, several pores were present (Figure 10e). The septa curved slightly downward in a hook-shaped manner where the theca protruded from the basal plate. The basal plate formed several new outward-growing spindle-shaped skeletons (Figure 10e; 14 days post settlement). The structure where the triangular septa and basal plate were connected extended outward and formed the costae, and a few outward-growing spindle-shaped skeletons connected by stripe-shaped skeletons were formed on the structure (Figure 10f; 14 days post settlement). The young polyps grew rapidly, and after approximately 1 month, the polyps grew upward and were cylindrical. The spindle-shaped skeletons continued to grow on their basal plates, and the new polyps vertically budded near the root of the skeleton, with the original polyps as the center. (Figure 10g,h). The budding of P. verrucosa was similar to that of S. caliendrum, and the Symbiodiniaceae species were concentrated around the location at which new polyps would grow. During the development of the polyps, the nearby spindle-shaped skeletons were affected by the new polyps and curved toward them, gradually becoming septa. The septa were connected by stripe-shaped skeletons and formed the thecae. The skeletons of the new polyps grew in a manner similar to that of the original polyps. Thus, the polyps did not form additional skeletons when they budded, and the new polyps appeared to be embedded in the entire skeleton.




3.5. Settlement and Post-Settlement Survival Rates of Coral Larvae and Spats


G. fascicularis, P. verrucosa, and S. caliendrum settlement percentages and post-settlement survival rates are shown in Table 1. On the 12th day, 100% of S. caliendrum larvae had settled, while G. fascicularis and M. elephantotus were characterized by settlement rates of 46% and 28%, respectively. P. verrucosa had the lowest settlement rate. Furthermore, among the four coral species studied, G. fascicularis had the highest survival rate (29%) two months post-settlement, with P. verrucosa spat survival only 3% over this same time period.





4. Discussion


The skeleton of a coral polyp consists of the columella, septa, theca, costa, and coenostea. The costa and coenostea are part of the skeleton of the exterior of the coral polyp. This study demonstrated two skeleton growth mechanisms: the skeleton-over-polyp mechanism and the polyp-over-skeleton mechanism. The G. fascicularis and M. elephantotus polyps exhibited the skeleton-over-polyp mechanism. Their primary polyps developed laminar skeletons from the bottom sections. The skeletons surrounded the surface of the polyps and formed the epitheca. With the growth of the laminar skeletons, they connected to the epitheca and formed septa. The epitheca covered the young polyps as they grew outward, forming the theca. The P. verrucosa and S. caliendrum polyps exhibited the polyp-over-skeleton mechanism; both the types of corals appeared similar to branches. Their primary polyps developed laminar skeletons from the bottom sections. Next, horizontal laminar skeletons were formed near the center of the polyps, forming the theca. Then, spindle-shaped skeletons were formed on the laminar skeleton. P. verrucosa had compact cylindrical skeletons. The epitheca grew along the surface of the polyps and were smooth, and graduated stripes were observed. The septa lined the interior of the epitheca and protruded from the epitheca after the polyps developed tentacles. S. caliendrum had a radial appearance. Its long laminar skeletons were arranged along the basal plate, and the skeletons closer to the center were taller. New long skeletons were formed around the center, connecting to the laminar skeletons, and forming the theca. This formation process caused the theca to become a polygon. The formation of the young skeletons suggested that the coenostea of the skeletons of G. fascicularis and M. elephantotus grew slowly through continuous stacking and compaction, whereas the skeletons of P. verrucosa and S. caliendrum were connected by the thin and stripe-shaped skeleton structures. The spindle-shaped skeletons under the coenosarc of P. verrucosa formed stripe-shaped skeletons that were connected together. Therefore, the coenostea of S. caliendrum may have formed new laminar skeletons from the spindle-shaped skeletons in the same manner. The skeletons formed through this mechanism were fragile but did not undergo the slow process of stacking, enabling the structure to respond to the rapid growth of the polyps. No study has examined the live skeletons of growing corals. Similar studies include [16] that observed similar skeleton structures. However, in this study, the development of the polyps was affected by the size of the corals and was not correlated with the species. In addition, [16] did not observe live specimens and thus could not determine the effects of the development of the polyps on the formation of skeletons. Other studies on coral skeletons have mainly investigated their components and microstructures [24,25].



This study observed changes in the mouths, tentacles, and coenosarcs of the adult coral polyps. The polyps grew through mitosis. We speculated that the presence of Symbiodiniaceae species might have affected the development of the young G. fascicularis and M. elephantotus polyps. The eggs and larvae of these two corals were not infected by Symbiodiniaceae species, and they could only engage in symbiosis with the Symbiodiniaceae species after their larvae had settled and the mouths and coelenterons of their primary polyps had fully developed. The symbiosis between the corals and Symbiodiniaceae species was affected by several factors and caused the infection of Symbiodiniaceae to be probabilistic. We observed that the young corals infected by Symbiodiniaceae species developed polyps and tentacles; however, the growth of the young corals not containing Symbiodiniaceae species was stagnated. Although a few young polyps without Symbiodiniaceae species still developed tentacles, most of their tentacles remained buds, and over time, the opening on their epitheca gradually shrank. This indicated that the young polyps were shrinking, which may have been due to the corals being unable to intake nutrients owing to their underdeveloped tentacles. Thus, Symbiodiniaceae species provided most of the nutrients required for growth [26]. The young polyps of G. fascicularis and M. elephantotus developed differently from the young polyps of P. verrucosa and S. caliendrum because G. fascicularis and M. elephantotus were initially covered by the epitheca, and their polyps grew out of the epitheca and covered them (skeleton-over-polyp mechanism). Thus, the young polyps required more time to develop and expand and were protected by the epitheca. The skeletons of P. verrucosa and S. caliendrum grew under the polyps and formed coral polyps; the polyps only had a mouth (polyp-over-skeleton mechanism) because all other parts were used by the coenosarc to develop the coral colony. No study has investigated the effects of growth mechanisms on the development of young corals.



We observed that after the metamorphosis of the coral spats into primary polyps, the polyps began to split into sections. Each section had at least one tentacle and one corresponding septum, and each section of the polyp extended to the coenosarc and formed costae. Therefore, most of the costae were connected to the protruding part of the septum. The initial formation of the young skeletons of P. verrucosa and S. caliendrum indicated that the septum and costa were originally from the same skeleton, and as they grew, the theca divided the two types of skeletons. This phenomenon was more prominent in M. elephantotus. When the polyps present on the perimeter of the coral colony expanded, each polyp split and produced three new polyps. The two new adjacent polyps were connected to the original polyps, which sagged. This fission affected the performance of the costae. The costae of the original polyps developed breakpoints and dents where the polyps split. The original costae branched toward the adjacent polyps, and the central polyp began to form new costae.



The results of this study revealed that Symbiodiniaceae species present inside the corals were concentrated around the top and tentacles of the polyps. Studies have indicated that more active and continuously growing corals contained more Symbiodiniaceae species in their tentacles [27] and that the growth of these tentacles was inhibited when the polyps had a nutritional disorder [28]. In this study, the tentacle buds of G. fascicularis and M. elephantotus that were not infected with Symbiodiniaceae species remained buds until they were infected with Symbiodiniaceae species. The Symbiodiniaceae species were concentrated in the tentacle buds, and the tentacle buds began to develop into tentacles. We speculate that the polyps that did not contain Symbiodiniaceae species lacked nutrition and were inactive and that the Symbiodiniaceae species enabled the young polyps to gain sufficient nutrition and become active.



This study examined the growth of the tentacles of M. elephantotus. The tentacles grew around the circular theca and formed where the septa protruded. Unlike the long tentacles of the other three types of corals, the tentacles of M. elephantotus were fan-shaped and interconnected. The relationship between the septa and tentacles suggested that the fan-shaped polyps contained numerous Symbiodiniaceae species, which were the tentacles. However, these tentacles differed from common tentacles, which are short and lack Symbiodiniaceae species (web: Corals of the World). The corals may have regulated the distribution of their Symbiodiniaceae species, and the tentacles of the primary polyps of M. elephantotus developed large fan-shaped tentacles because they were active and contained numerous Symbiodiniaceae species. The corona skeletons that connected the top sections of the polyps supported the polyps, enabling them to use their tentacles to expand upward. This phenomenon explains why the growth of the polyps on the perimeter of the coral colony had polyp patches similar to tentacles.



When the polyps matured and expanded, they began to form new polyps. This study observed the skeletons of the three coral colonies; the budding of G. fascicularis was phaceloid, the budding of M. elephantotus was plocoid, and the budding of P. verrucosa and S. caliendrum was cerioid. The Symbiodiniaceae species were concentrated in the top sections of the coral polyps and tentacles. Therefore, the concentration of the Symbiodiniaceae species was used to determine the location of budding in the new polyps; their concentration was also used to identify the lumps of new polyps and the formation of the mouths and new tentacles. The G. fascicularis, P. verrucosa, and S. caliendrum polyps changed considerably. However, the Symbiodiniaceae species were widely dispersed in the coenosarc of M. elephantotus, and the white regions not containing the Symbiodiniaceae species formed a single or multiple mouths. This may have been caused by the corals regulating the distribution of the Symbiodiniaceae species; this phenomenon is described further in the section on the formation of new polyp skeletons.



The corals exhibited three distinct skeleton growth mechanisms. For the G. fascicularis polyps, their skeletons formed layer by layer, similar to three-dimensional printing. The Symbiodiniaceae species were highly concentrated, and they increased the activity of the new polyps, causing them to develop rapidly. With the development of the polyps, their basal plates rapidly developed the thecae and septa. Unlike the skeletons of G. fascicularis, the skeletons of P. verrucosa and S. caliendrum formed during budding from the spindle-shaped structure of the colony. The spindle-shaped skeletons grew directly under the new polyps, causing the growth of polyps to stagnate and changing the top sections of the polyps to columella. The surrounding spindle-shaped skeletons turned and grew toward the central new polyps, becoming the theca. The spindle-shaped skeletons served as scaffolds and pillars for the new polyps during budding. Because the formation of most of the skeletons was already complete at this stage, the new P. verrucosa and S. caliendrum polyps grew faster. We speculated that the ability to grow vertically is crucial for the budding of these two corals. When new polyps grew, particularly the P. verrucosa polyps, they extruded the surrounding polyps and forced the coral colony to grow upward. The extrusion could have caused the new polyps to grow in a twisted and displaced manner, resulting in the coenosarcs growing upward, as observed in the S. caliendrum polyps.



The new M. elephantotus polyps developed only their mouths until the end of the study. The skeletons of the new M. elephantotus polyps are stripe shaped. Hypotheses of the formation of stripe-shaped skeletons must account for the ability of corals to regulate the distribution of the Symbiodiniaceae species. During budding, the dispersal of the Symbiodiniaceae species caused some polyps to bleach and reduce their activity. Thus, the growth of the polyps and skeletons slowed. However, the surrounding polyps and skeletons grew normally, and this difference in growth speed caused the normal polyps to cover bleached regions in pockets. The loss of the Symbiodiniaceae species resulted in the stagnation of the growth of the tentacles of the new polyps. However, the development of the mouth was not affected by the loss of the Symbiodiniaceae species, and the formation of the mouth but not the tentacles was observed. This growth mechanism was likely caused by evolution; we hypothesized that if the new polyps contained the Symbiodiniaceae species, they would continue to grow similarly to the original polyps. The continuous growth would have negative effects on the corals, such as the skeleton snapping under the weight and the coenosarc being blocked, preventing the Symbiodiniaceae species from photosynthesizing and resulting in the death of the polyps.




5. Conclusions


Most studies on the early development of corals are required for academic research on coral reefs and applied reef conservation, but the interval between observations is usually weeks or months. Thus, no study has comprehensively explored the development of coral larvae after settlement. This study described the development of coral skeletons and polyps in detail and identified unique changes in four corals and the functions of the Symbiodiniaceae species during development. The results are valuable and can serve as reference for studies on coral taxonomy, ecological studies, coral reef conservation, and coral reef restoration.
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Figure 1. Coral species used in the experiment: (a) Galaxea fascicularis; (b) Mycedium elephantotus; (c) Seriatopora caliendrum; and (d) Pocillopora verrucosa. 
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Figure 2. Coral larval collection system: (a) Coral collection compartments. Sea water flowed into the boxes from the top and flowed out from side drains. The corals remained in the boxes until they spawned. Coral larvae flowed out of the boxes and were carried by sea water; (b) Coral collection cups. Coral larvae flowed out of the boxes and were collected into coral collection cups through the side drains. Sea water flowed out from the bottom of the cups, and coral larvae were collected in the cups; and (c) Bottom of the coral collection cups. The bottom of the cups had filters to enable sea water to flow out. 
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Figure 3. Development of G. fascicularis after settlement: (a) The larva (a1) has just settled (0 days). The triangle indicates the location of the mouth; (b) One day after settlement; (c) The skeleton begins to grow (5 days). The arrow indicates the outer epidermis, and the triangle indicates the septum; (d) The polyp begins to form skeletons (9 days) and is infected with zooxanthellae. The arrow indicates the epitheca, the white triangle indicates the mouth, and the black triangle indicates the septum; (e) The polyp begins to sprout tentacles (approximately 23 days). The arrow indicates the tentacle buds; (f) The tentacles continue to grow (approximately 1 month); however, the growth is stagnated if no zooxanthellae infect the polyp. The arrow indicates the formation of new septa; (g) The polyp is gradually infected with zooxanthellae (1 month and 5 days); (h) During budding, the zooxanthellae are concentrated near the tentacles and the top of the polyps (approximately 1.5 months); (i) The tentacles extend outward (2 months); (j) The top of the polyp fully extends (approximately 2.5 months) and starts to cover the epitheca; (k) The tentacles of the polyp extend; and (l) The tentacles of the polyp contract (approximately 3 months). The arrow indicates the expanding polyp. The scale is 200 μm. 
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Figure 4. Budding of a G. fascicularis polyp: (a,b) The tumor-like material appears, and zooxanthellae begin to concentrate near the tumor-like material (approximately 7 months after settlement). The circle indicates the location of the tumor-like material; (c,d) The center of the tumor-like material sags. The triangle indicates the sagging center of the tumor-like material, where the mouth will form; (e,f) The center sags more. The triangle indicates the sagging region; (g,h) Tentacles start to sprout. The triangle indicates the location of the tentacle buds; (i,j) The skeleton gradually forms; and (k,l) The skeleton is fully formed. The white triangle indicates the septa, the black triangle indicates the costae, the arrow indicates the theca, and the rectangle indicates the location of the new polyp. The scale for (a,c,e,g,i,k) is 1000 μm, respectively. The scale for (b,d,f,g,h,j,l) is 200 μm, respectively. 
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Figure 5. Contact surface of G. fascicularis in different colonies: (a) Contact surface after the initial contact on the 332nd day; (b) Fluorescence map of (a) the circle indicates the contact between the polyps of two coral colonies; (c) After the contact of the colonies for 2 days, the connected polyps separate and form a wall; and (d) Fluorescence map of (c) the arrow indicates the skeleton wall between the two colonies. The scale for (a,b) is 200 μm, respectively. The scale for (c,d) is 400 μm, respectively. 
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Figure 6. Development of the M. elephantotus spat after larval settlement: (a) Larva (a1) immediately after settlement (0 days), The arrow indicates the location of the mouth; (b) The polyp separates into various sections, and the skeleton begins to form. The white triangle indicates the outer skeleton, and the black triangle indicates the location of the septa; (c) The septa and epitheca form and become prominent. The arrow indicates the location of the mouth, the white triangle indicates the epitheca, and the black triangle indicates the septa; (d) The basic skeleton of the polyp develops (25 days). The black triangle indicates the septa; (e) The tentacles begin to sprout (1.3 months). The arrow indicates tentacle buds; (f) The tentacles and top section of the polyp extend, and the polyp is infected by zooxanthellae (1.5 months); (g) The tentacles of the polyp develop, and numerous zooxanthellae are concentrated inside (2 months); (h) The tentacles begin to split and grow, and the epitheca starts to cover the polyp (3 months). The circle indicates one of the split tentacles; (i,j) The top section of the polyp grows into a flower-like shape (6 months). The circle indicates petal-like structures formed from the tentacles of various lengths. The arrow indicates the polyp growing outward; (k,l) The difference in length among the tentacles gradually decreases, and brown stripes begin to appear. The arrow indicates the location of brown stripes, the white triangle indicates the costae that extend outward, and the black triangle indicates the location of the mouth; (m,n) After the polyp is severely damaged, three new polyps grow from the original polyp (approximately 1 year). The arrow indicates the new basal plate of the new colony, and the triangle indicates the dead polyp; (o) The new polyps in the colony make contact with those from before the accident (14 months). The arrow indicates brown stripes; and (p) Close-up of the perimeter, with brown stripes on the top section of the polyp. The scale for (a–g) is 200 μm, respectively. The scale for (h–p) is 400 μm, respectively. The scale for (i,j) is 800 μm, respectively. The scale for (l–o) is 1000 μm, respectively. 
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Figure 7. Budding of M. elephantotus and fission of its outer polyps: (a) A few linear white stripes without zooxanthellae appear on the inside of the polyp in regions indicated by arrows; (b) Fluorescence map of (a); (c) Close-up of the location of the new polyp. The arrow indicates the location of the mouth of the new polyp; (d) Fluorescence map of (c) with prominent contours; (e) Close-up of a region without zooxanthellae. The area encircled by the oval shows the internal costae merging together; (f) Fluorescence map of (e) with prominent fission; (g) Close-up of a linear stripe. The arrow indicates the location of the stripe, and the dotted lines differentiate this region from other regions; (h) Fluorescence map of (g) demonstrating the growth pattern; (i) The region without zooxanthellae expands after 15 days, and the new mouth becomes more prominent. The oval indicates the region without zooxanthellae; (j) Fluorescence map of (i); and (k,l) Close-up of the new mouth after budding. The contours and holes of the mouth are more prominent than in c. The arrow indicates the location of the new mouth after budding. The scale for (a,b,i,j) is 1000 μm, respectively. The scale for (c–h,k,l) is 400 μm, respectively. 
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Figure 8. Changes observed during the development of the S. caliendrum spat after larval settlement: (a) S. caliendrum larva (0 days); (b) Basic skeleton structure (2 days). The triangle indicates the septa, and the arrow indicates the theca formed from the laminar skeletons; (c) The tentacles begin to sprout and form spindle-shaped skeletons. (9 days). The triangle indicates the septa, and the arrow indicates the spindle-shaped skeletons; (d) New polyp bud (1 month). The oval indicates the new polyp, and its growth angle is approximately 30°. The triangle indicates the septa formed from the spindle-shaped skeletons growing in a curve; (e) The growth angle of the new polyp increases (1.3 months). The triangle indicates the new polyp; its growth angle is approximately 45°; (f) The growth angle of the new polyp continues to increase (1.5 months). The coral colony appears similar to a hill. The triangle indicates the new polyp; its growth angle is approximately 75°. The arrow indicates the new polyp preparing to grow; its growth angle is approximately 0°; and (g) Ends of the branch-like structure of the colony (2.5 months). The new polyps have small growth angles and high density. The scale for (a) is 200 μm. The scale for (b–h) is 400 μm, respectively. 






Figure 8. Changes observed during the development of the S. caliendrum spat after larval settlement: (a) S. caliendrum larva (0 days); (b) Basic skeleton structure (2 days). The triangle indicates the septa, and the arrow indicates the theca formed from the laminar skeletons; (c) The tentacles begin to sprout and form spindle-shaped skeletons. (9 days). The triangle indicates the septa, and the arrow indicates the spindle-shaped skeletons; (d) New polyp bud (1 month). The oval indicates the new polyp, and its growth angle is approximately 30°. The triangle indicates the septa formed from the spindle-shaped skeletons growing in a curve; (e) The growth angle of the new polyp increases (1.3 months). The triangle indicates the new polyp; its growth angle is approximately 45°; (f) The growth angle of the new polyp continues to increase (1.5 months). The coral colony appears similar to a hill. The triangle indicates the new polyp; its growth angle is approximately 75°. The arrow indicates the new polyp preparing to grow; its growth angle is approximately 0°; and (g) Ends of the branch-like structure of the colony (2.5 months). The new polyps have small growth angles and high density. The scale for (a) is 200 μm. The scale for (b–h) is 400 μm, respectively.
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Figure 9. Changes in the spindle-shaped skeleton of the S. caliendrum polyp during budding: (a) Normal spindle-shaped skeleton on the coenosteum of the coral colony. The black triangle indicates the spindle-shaped skeleton; (b) New polyps begin to develop, and the growth of the central spindle-shaped skeleton begins to stagnate. Surrounding spindle-shaped skeletons curve toward the center. The black triangle indicates the central spindle-shaped skeleton, and the white triangle indicates the surrounding spindle-shaped skeleton; (c) The spindle-shaped skeleton transforms into the skeleton of a new polyp. The top portion of the central spindle-shaped skeleton becomes a smooth columella, and the surrounding spindle-shaped skeletons become laminar septa. The black triangle indicates the columella, and the white triangle indicates the septa; and (d) The theca develops between the septa and skeleton of the new polyp. The white triangle indicates the theca. 
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Figure 10. Changes in the development of the P. verrucosa spat after larval settlement: (a) P. verrucosa larva (0 days). Most zooxanthellae are concentrated near the tail in the encircled area; (b) The larva begins to settle (7 days). The circle indicates the tail of the larva; (c) During settlement, tentacles develop from the tail of the spat. The circle indicates the tail of the larva (7 days); (d) The spat metamorphoses into the polyp and begins to develop the skeleton (7 days). The triangle indicates the spindle-shaped skeletons, and the arrow indicates the septa; (e) Basic skeleton of the polyp (14 days). The black triangle indicates the theca formed by the stripe-shaped skeletons. The white triangle indicates the recently formed spindle-shaped skeletons. The arrow indicates the hole between the theca and basal plate; (f) The spindle-shaped skeletons formed on the costae of the polyp (14 days). The spindle-shaped skeletons are connected by stripe-shaped skeletons. The white triangle indicates the spindle-shaped skeletons, and the black triangle indicates the stripe-shaped skeletons; and (g,h) The new polyp vertically buds on the cylindrical coral colony (approximately 1 month). The original polyp is at the center of the colony and continues to grow upward. The arrow indicates the new polyp, and the white triangle indicates the original polyp. The scale is 400 μm. 
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Table 1. Settlement and post-settlement survival rates of coral larvae and spats Galaxea fascicularis, Mycedium elephantotus, Pocillopora verrucosa and Seriatopora caliendrum.
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	Galaxea fascicularis

(n = 3000)
	Mycedium elephantotus

(n = 420)
	Pocillopora verrucosa

(n = 797)
	Seriatopora caliendrum

(n = 519)





	Settlement percentage (%)
	46 ± 14
	28 ± 14
	14 ± 16
	100 ± 0



	Survival rate of 2 months Post-settlement (%)
	29 ± 23
	10 ± 4
	3 ± 1
	15 ± 6







± represents standard deviation.
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