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Abstract
Reproduction is a vital process of life cycle to sustain and develop populations. In
scleractinian corals, the knowledge of reproduction has advanced greatly over the last
four decades. However, there is a knowledge gap in the process of final oocyte
maturation which occurs at the end of gametogenesis, including germinal vesicle
migration (GVM) and germinal vesicle breakdown (GVBD) of oocytes. GVM and
GVBD characterize the movement of nucleus toward the animal pole of oocyte and
subsequent dissolution of nucleus, respectively. Here, we examined GVM and GVBD
in four scleractinian coral species, Acropora nasuta, Dipsastraea speciosa, Favites
colemani, and F. pentagona in Lyudao (Green island), Taiwan in 2019. Tissue samples
were collected daily from five tagged colonies per species in situ from full moon or one
day after full moon until spawning days to examine GVM and GVBD histologically.
An intensive sampling at an interval of 3–4 hours for 24 hours before induced spawning
was also conducted ex situ to examine GVBD in A. nasuta and F. colemani. Spawning
occurred 5–7 days after the full moon in the species. GVM progressed gradually along
the study period, with 66.7–95% of oocytes completed GVM by the spawning day. The
proportion of oocytes with GVM varied among the species in the initial samples
collected on the full moon day or one day after full moon: 14.6% in F. colemani, 16.9%
in F. pentagona, 51.1% in A. nasuta, and 56.7% in D. speciosa. GVBD was observed
only in the samples from spawning days, collected 3–4 hours (ex situ) and 10 hours (in
situ) before spawning. Proportions of oocytes with GVBD were low in the samples,
ranging from 1.5% in F. colemani to 18.5% in A. nasuta. Results indicated different
time scales of GVM and GVBD, occurring over several days and within 24 hours before
spawning, respectively. Our study provides the first detailed information on GVM and
GVBD in the final maturation of scleractinian corals. Future studies will elucidate the
iv
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influence of internal and external factors on the mechanism of GVM and GVBD and
their consequences in process of coral reproduction, e.g., coral spawning timing and
fertilization success.

Keywords: Final gamete maturation, germinal vesicle migration (GVM), germinal
vesicle breakdown (GVBD), gametogenesis, histological section.
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中文摘要
在物種的生命週期中，繁殖是維持和發展族群的重要過程。對於了解造礁珊
瑚繁殖的相關知識在過去的四十年中有了很大的進步。然而，在配子生成結束前
的最終配子成熟機制仍存在未知。在配子生成週期中，卵母細胞的胚核遷移:胚
核向動物極點(卵細胞邊緣)移動以及胚核崩解:胚核遷移後的破裂和瓦解都尚未
有進一步的了解。
本研究調查了四種在台灣綠島廣泛分布的造礁珊瑚物種的胚核遷移及崩解
機制，包括鼻形軸孔珊瑚 Acropora nasuta，環菊珊瑚 Dipsastraea speciosa，柯曼
角菊珊瑚 Favites colemani 和五邊角菊珊瑚 Favites pentagona。此調查對原位珊瑚
群落(每物種有五個群落，共四物種)從滿月到生殖事件發生前進行每天樣本採集;
以及對移地養殖的珊瑚在預測其繁殖前 24 小時，每 3~4 小時進行的密集樣本採
集(F.colemani，n = 4; A.nasuta，n = 3)。這些物種分別在滿月後的 5~7 天進行
產卵，且在滿月到生殖發生的期間內有 66.7–95％的卵母細胞完成了胚核遷移。
但各物種在第一採樣日(滿月或滿月一天後)發生胚核遷移的卵母細胞比例有所
不同：F. colemani 為 14.6％，F. pentagona 為 16.9％，A. nasuta 為 51.1％，和 D.
speciosa 為 56.7％。然而原位及移地養殖的珊瑚群落在產卵日(產卵前 10,4,3 小
時)，都僅有少數卵母細胞有胚核崩解的現象發生，範圍從 1.5％至 18.5％。表
明了胚核的完全崩解可能發生在離產卵更接近的時間點。
綜合本研究的結果，胚核遷移和崩解發生的時間尺度不同。胚核發生遷移現
象通常需要耗時數天，然而崩解現象卻僅可能在生殖前 24 小時內發生。本研究
在造礁珊瑚的最終配子成熟機制了提供了有關胚核遷移及崩解的發生時間點及
較詳細的信息。未來的研究需著重闡明珊瑚生理及外部的環境因子如何對胚核遷
移和崩解機制的時間進行調控，及其對珊瑚生殖(例如產卵時間和受精率)過程的
影響。
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關鍵字: 最終配子成熟機制，胚核遷移(GVM)、胚核破裂(GVBD)，配子生成，
組織切片。
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Introduction
I. Coral reproduction
Reproduction is an essential biological process for sustaining and developing
populations. Two forms of reproduction exist, asexual and sexual, both have relevance
in the production of offspring (Williams, 1975). For benthic organisms such as
scleractinian corals (hereafter corals), sessility has made them develop a diversity of
reproductive strategies in order to survive (Baird et al., 2009). Individual colonies are
constructed by a repetition of modules, i.e. polyps that compose the basic reproductive
unit of coral. Asexual reproduction in corals contributes to the growth of individuals
via budding of polyps and the production of new individuals via fragmentation and
clonal planulae (Hughes et al., 1992). Both produce a new generation or increase colony
size from an old individual at any given time (Highsmith, 1982; Stephen, 1988). Sexual
reproduction recombines parental genes and has its importance in preserving genetic
diversity (Richmond, 2016).
Typically, two sexual modes are distinguished in corals: brooding and spawning
(Harrison et al.,1990). Brooding corals incubate internally fertilized oocytes in their
gastrovascular cavity and release swimming planula larvae that are competent to settle
from the mouth of polyp (Richmond, 2016). Spawning corals develop gametes in their
mesenteries and broadcast them into the water column for external fertilization
(Richmond, 1997). In addition to the reproductive modes, corals can further be
distinguished as either hermaphroditic (sex-united; each polyp or colony produces both
male and female gonads) or gonochoric (sex-separated; each colony produces either
male or female gonads) (Fadlallah, 1983; Richmond, 1997). The vast majority (> 80%)
of coral species are known to be broadcast spawners (Harrison, 2011).
Broadcast spawning usually occurs annually in early summer when seawater

doi:10.6342/NTU202001650

temperature rapidly approaches the annual maxima (Keith et al., 2016), and spawning
timing (day) is often synchronized among multiple species. This reproductive behavior,
commonly referred to as mass spawning (Harrison et al., 1984) has been reported for
the first time in Taiwan in 1939 by Kawaguti (1940) and described as an abundance of
reef-coral planulae in plankton. Mass spawning was later described as a regular and
synchronized event of gamete release occurring in 105 scleractinian coral species along
a couple of days in a year on the Great Barrier Reef (Babcock et al., 1986; Harrison et
al., 1984). Mass spawning was later described as a regular and synchronized event of
gamete release occurring in 105 scleractinian coral species along a couple of days
within the year on the Great Barrier Reef (Babcock et al., 1986; Harrison et al., 1984).
High degree of synchronous spawning among conspecifics increases the
concentration of spawned gametes that would be otherwise diluted or predated, and
hence increase the fertilization success (Babcock et al., 1986; Bouwmeester et al., 2015;
Carroll et al., 2006). Therefore, understanding the mechanism of how corals regulate
the timing of synchronous spawning is important and has been a central topic in coral
reproductive ecology (Harrison, 2011).

II. Gametogenesis of spawning coral
A single annual cycle of gametogenesis that includes both oogenesis and
spermatogenesis is commonly observed in broadcast spawning corals (Harrison &
Mangubhai, 2008). Oogenesis and spermatogenesis of spawning coral typically take a
6–10 or 2–5 month period, respectively (Shlesinger et al., 2018). Early stage of oocytes
initially locate alongside mesoglea of mesenteries and then migrate into the mesoglea,
in which oocytes enlarge size and accumulate yolk proteins (Shikina et al., 2013). At
the late-stage of oogenesis, oocytes reach their asymptotic sizes which is associated
with a change of coloration two to three weeks before spawning in the most of broadcast
2
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spawning coral species (Babcock et al., 1986; Shlesinger et al., 1998). As for the
spermatogenesis, formation begins with spermary by spermatogonia in the mesoglea.
Spermatogonia are surrounded by thin mesoglea layer with a size smaller than 200 μm.
Subsequently, spermatozoids mature with tails; the middle of the testis often vacuolates
and the whole testis loosely packs sperm (Harrison, 2011; Stoddart & Black, 1985).
Those stages (from early to late-stage gametogenesis) have been demonstrated to be
influenced by environmental factors (Fogarty et al., 2019) such as sea surface
temperature (Putron & Ryland, 2009), solar irradiance (Wilson & Harrison, 2003), wind
(Sakai et al., 2020; Woesik, 2009), rainfall (Mendes & Woodley, 2002), tidal cycles
(Babcock, et al., 1986), lunar phase (Richmond &Jakie, 1984), pressure and water
motion (Babcock, et al., 1986). Mechanisms contributing to the final maturation of
oocytes are hypothesized to represent critical steps preceding bundle formation of
gametes (Padilla-Gamiño et al., 2011) and their spawning (Iwashita, Hayano, & Sagata,
1998). Yet, those mechanisms and their possible environmental determinants have been
almost completely ignored in scleractinians corals.

III. Final gamete maturation
In metazoans, the final gamete maturation in oocyte, which consists of germinal
vesicle migration (GVM) and germinal vesicle breakdown (GVBD), commonly
characterizes the latest stage of gametogenesis to finalize the process of oogenesis
resulting in fertilizable eggs (Arantes et al., 2011). Germinal vesicle migration (GVM)
describes the migration of the nucleus from the center to the animal pole of the oocytes.
Germinal vesicle breakdown (GVBD) is a process when the nucleus membrane
vanishes (Romo-Mendoza, et al., 2017; Suwa et al., 2018). Both were further
hypothesized to represent morphological indicators of spawning time. They are
indispensable mechanisms in meiosis for successful fertilization (Bloom et al., 1988)
3
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owing to the fusion of genetic material from the nucleus with the cytoplasm.
Whereas the importance of these two mechanisms has been emphasized in
amphibians (Sunkara et al., 1979), fishes (Brown-Peterson et al., 2011; LowerreBarbieri et al., 2011; Romo-Mendoza et al., 2017; Semenkova et al., 2002), sea urchins
(Berg & Wessel, 1997), jellyfishes (Takeda et al., 2018), clams (Bloom et al., 1988),
only Suwa & Nakamura (2018) highlighted their possible relevance in scleractinian
corals from histological observations on Galaxea fascicularis. Aside from the
fundamental importance of describing those mechanisms in scleractinians, the recent
observation of losing synchronicity in spawning among conspecifics (Shlesinger &
Loya, 2019) further rings a bell on how those mechanisms could be influenced by
environmental drivers and their possible influence in persistence of coral population.

IV. Study objectives
Coral species belonging to the genus Acropora and family Merulinidae are
broadcast spawners commonly populating shallow tropical reefs in the Indo-Pacific.
Those corals have annual reproductive cycles, which have been precisely documented
over the past decade at Lyudao (Green Island), Taiwan (Lin & Nozawa, 2017; Nozawa,
Huang, & Hirose, 2016; Nozawa, Isomura, & Fukami, 2015; Nozawa, Tokeshi, &
Nojima, 2006; Nozawa & Lin, 2014; Okubo et al., 2013; Schutter, Nozawa, & Kurihara,
2015). Therefore, those corals represent ideal species for investigating the
characteristics and the time course of GVM and GVBD in scleractinians. Accordingly,
our study adopts a high temporal sampling resolution to scrutinize GVM and GVBD
through histological examination several days before and until spawning. The timecourse of both mechanisms was compared among species and discussed in the light of
regulatory factors of coral spawning and known reproductive features of the targeted
species
4
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Materials and methods
I.

Study site
Lyudao is an island about 33 km off the eastern coast of Taiwan, located on the

path of the Kuroshio Current. There, the range of seawater temperature typically
between 20 and 29°C, and the main coral spawning event usually occurs from April to
June (Lin & Nozawa, 2017). This study was conducted in April and May 2019 at
Gongguan (5 to 10 m in depth) located on the northern coast of the island
(Supplementary Figure 1).

II. Target species
We targeted four coral species belonging to the genus Acropora and the family
Merulinidae. Those are Acropora nasuta, Dipsastraea speciosa, Favites colemani, and
Favites pentagona (Figure 1). Those four coral species are hermaphroditic broadcast
spawners with an annual gamogenetic cycle (Bouwmeester et al., 2015). In Lyudao,
they are common coral species dominate shallow reef sites (< 10m) and benefit from a
long-term record of annual spawning event (Lin & Nozawa, 2017).

III. In situ sampling and observation
Spawning days of the four targeted species were predicted based on previous
spawning records (Lin & Nozawa, 2017): from 1 to 11 and 4 to 8 days after full moon
(DAFM) of April to June for Acropora and merulinid species, respectively. At first, the
color of gametes (i.e. pigmented oocytes) was used to ensure that the species were
matured at the time of our sampling. Accordingly, we targeted and collected samples
from D. speciosa and F. colemani in April; A. nasuta and F. pentagona in May. We
5
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performed daily sampling from five randomly selected and tagged colonies with mature
gametes (5–10m in depth) for each species from the day of full moon (0 DAFM) and
up to 7 DAFM. For each colony, a fragment (from the central area of the colony) that
contains > 10 polyps was collected every day between 09:30–10:30, using a hammer
and a chisel (branching species) or an underwater drill (massive species). Fragments
were then fixed in a 10% formalin-seawater solution for at least one week before the
histological examination. Spawning was monitored by deploying a transparent plastic
container (700 ml) on each colony which can trap buoyant egg-sperm bundles when
released (Supplementary Figure 2a). The gamete traps were checked every day at the
time of sampling to corroborate the spawning of tagged colonies the night before. In
addition, spawning of tagged colonies was inspected via night dive (21:00–22:30) from
April 22nd to 25th and May 22nd to 25th (Supplementary Figure 2). For each species,
sampling periods were: April 19th (0 DAFM) to 25th (6 DAFM) for D. speciosa and F.
colemani; May 19th (0 DAFM) to 25th (6 DAFM) for A. nasuta; May 20th (1 DAFM) to
25th (6 DAFM) for F. pentagona with the exceptions of May 21 st and 22nd because of
the weather conditions.

IV. Ex situ sampling
As GVBD in oocytes was likely to occur right before spawning (Suwa &
Nakamura, 2018), we further conducted intensive sampling ex situ in F. colemani and
A. nasuta in April and May 2019, respectively. Mature colonies were collected on April
24th (4 colonies of F. colemani) and May 20th (3 colonies of A. nasuta). Whole colonies
were collected for A. nasuta, while eight fragments per colony were collected for F.
colemani. Each A. nasuta colony and F. colemani fragments from the same colony were
transferred into individual 16-L tanks equipped with an aeration system and maintained

6
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under indirect sunlight at room temperature (~26–28°C) until spawning inducement in
laboratory of the Green Island Marine Research Station, Academia Sinica.
For A. nasuta, the spawning was induced by exposing colonies to 4 mM (W/V) of
H2O2 (35% solution) in seawater from 16:00 to 18:00 (Hayashibara, Iwao, & Omori,
2004). Colonies were then returned to Gongguan harbor to recover in fresh seawater
until 21:00 and transferred back to separate tanks at the marine station for ex situ
sampling. Intensive sampling was started from 21:00 at 3-hour intervals and continued
for approximately 24 hours until their expected spawning time on the following night.
At each sampling, one vertical branch was collected from each colony using a nipper
and fixed in a 10% Zinc Formal-Fixx . Spawning occurred in two of the three colonies
between 21:00 to 21:30 on May 21st.
For F. colemani, spawning was induced using the dark period method following
Lin (2019). Tanks were covered with black cloth from sunset to sunrise to block
moonlight for four consecutive nights. Colonies were expected to spawn on the fifth
night under this treatment, and intensive sampling at 4-hour intervals was started from
17:00 on the 4th night (April 24th) for approximately 24 hours until the expected
spawning time on the following night. One fragment by colony was collected at each
sampling and fixed in a 10% Zinc Formal-Fixx. Spawning of F. colemani fragments
occurred between 21:00 to 21:30 on April 24th (1 colony) and 25th (another 2 colonies).

V.

Histological examination
GVM and GVBD were examined histologically in a subset of in situ samples

collected from the tagged colonies. For D. speciosa and F. colemani, samples collected
at 0, 2, 4, and 6 DAFM were examined. For A. nasuta, samples collected at 0, 2, 4, and
7 DAFM and for F. pentagona samples collected at 1, 4, and 6 DAFM were examined.
Ex situ samples at 3- and 4-hours before spawning for A. nasuta and F. colemani and in
7
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situ samples at the last sampling timing (10-hours before spawning) for four species
were also examined for GVBD.
Samples were decalcified by 10% formic acid for 1–2 days to remove skeleton and
preserved in 70% ethanol. Dehydration of tissue samples was done in a gradient series
of

ethanol

(70%,

90%,

95%,

99%,

99.5%)

using

a tissue

processor

(Shandon Excelsior ES, Thermo Scientific, USA). Dehydrated tissue samples were
then embedded in paraffin wax until samples solidified and cross-sectioned with 6 μm
interval. After deparaffing with xylene, the tissue sections on slides were stained with
hematoxylin and eosin using a staining machine (Shandon Varistain, Thermo Scientific,
USA), and preserved with acrylic medium and a cover glass.
Tissue sections on slides were examined under a BX51 light microscope (Olympus,
Japan). For GVM, approximately 10–30 oocytes per colony were haphazardly chosen
and each oocyte was examined whether its nucleus attaching to the membrane of oocyte.
Counts were divided by the total number of oocytes presenting clear nucleus and
expressed as proportion of oocytes that had completed GVM (%). For GVBD,
approximately 30–50 and ~10 oocytes per colony for merulinid and Acropora corals,
respectively were examined whether each oocyte had a nucleus. The presence/absence
of nucleus was carefully determined by examining a whole series of sections of an
oocyte (interval is 6 μm). In addition, any observations of special patterns in the oocyte
were used to discriminate different stages in GVBD mechanism.
VI. Data analysis
In each species, the temporal change in the proportion of oocytes that had
completed GVM was examined using a generalized linear mixed model (GLMMs) with
a binomial distribution using a logit link function. The time (DAFM) was used as a
fixed and continuous factor in this model, and colonies were considered as a random

8
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factor. In addition, the proportion of oocytes that already completed GVM at the
beginning of our sampling (full moon day or 1 day after full moon) was compared
among the four species using a generalized linear model (GLM) using a binomial
distribution with a logit link function. In the GLM, species was used as a fixed factor.
Overdispersion of the model was examined and corrected using the quasi-likelihood
approach (Williams, 1982). A statistical significance of the fixed factor was examined
using the test of deviance. Statistical analyses were performed in R (v 3.6.1) with the
‘glm’ and ‘glmer’ functions from the lme4 package and the ‘Anova’ function available
in car package v. 3.0-7.

All means are reported as mean ± standard deviation.

Results
I.

In situ coral spawning
In F. colemani, two of five tagged colonies spawned on April 25th (6 DAFM). In

D. speciosa, four of five tagged colonies spawned on April 25th (6 DAFM). In F.
pentagona, all five colonies spawned on May 24th and 25th (5 and 6 DAFM). However,
only a part of the colony spawned in three of those five colonies during night scuba
observation (from 21:00 to 22:30 on May 25th). In A. nasuta, only one of five tagged
colonies spawned on May 26th (7 DAFM).
II. Germinal vesicle migration
GLMMs indicated a significant positive effect of DAFM on the proportion of
oocytes that had completed GVM in the four species examined: A. nasuta (χ2 = 12.7, p
< 0.001), D. speciosa (χ2 = 22.6, p < 0.001), F. colemani (χ2 = 49.7, p < 0.001), and F.

9
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pentagona (χ2 = 25.8, p < 0.001). The proportion increased linearly over time, reaching
the proportion of 95 ± 5 % in A. nasuta, 93.3 ± 3.4 % in D. speciosa, 88.5 ± 9.7 % in F.
colemani, and 66.6 ± 17.1 % in F. pentagona on the spawning day (Figure 2). There
were significant differences in the initial proportion of oocytes that had completed
GVM among the species at 0 or 1 DAFM. Significantly higher proportions (p < 0.05;
Figure 3) were observed in D. speciosa (56.7 ± 6.8%) than those in F. colemani (16.9 ±
7.9%) and F. pentagona (14.6 ± 5.5%). However, there was no significant difference
between the three species and A. nasuta (51.1 ± 14.5 %).

III. Germinal vesicle breakdown
On all histological observations, GVBD could be inferred to occur only in a few
proportions of oocytes in each species (Figure 4). In the in situ samples collected from
the tagged colonies at 10 hours before spawning, the proportion of oocytes presenting
signs of GVBD ranged between 1.5 ± 1.5 % and 5.9 % in the four species. In the ex situ
samples collected at 4–3 hours before spawning, the proportion was 2.3 ± 0.7 % in F.
colemani and 18.5 ± 0.3 % in A. nasuta (Figure 4). Among the species, A. nasuta
showed higher proportions of oocytes with signs of GVBD in the samples. Two kinds
of oocytes that might have been at the initial stage of, or pre-final, GVBD were
observed. The former was characterized by a partially dissolved nucleus with blur
breach membrane located at the periphery of the oocyte (Figure 5a) and the latter was
indicated by the loss of visible nucleus (Figure 5b). Especially in oocytes without a
visible nucleus, the cytoplasm of oocytes was often observed to be less dense with
irregular shapes of lipid droplets and some unidentified dark particles (Figure 5b).
Those were similar to the process of GVBD observed in oocytes of the crab species,
Lithodes santolla (Arcos-ortega et al., 2019).
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Discussion
I.

Coral spawning pattern
The four study species were selected because of their well-known reproductive

patterns in Green Island (Lin & Nozawa, 2017). However, in the present study, their
spawning timing differed to some extent from the original expectation. Some colonies
did not spawn and some F. pentagona colonies only partially spawned. In A. nasuta,
there was only one of five monitored colonies spawned. We suspect that the remaining
colonies might have delayed spawning in the following month (split spawning) as
commonly observed in Acropora and merulinid species (Foster et al., 2018). The wide
spawning window, previously reported to be concentrated in a single night from one to
eleven days after the full moon of the same month (Lin & Nozawa, 2017), could also
be a possible reason why most of the Acropora colonies were not observed to spawn
here. Alternatively, several factors might have also caused non-spawning phenomenon.
Damages via repeated sampling to the monitored colonies put apart, the low
temperature, the change in light conditions, strong wind, and fast water movement were
all reported to delay or abort coral spawning (Babcock et al, 1994; Fogarty et al, 2019;
Padilla-gamiño & Gates, 2012; Sakai et al., 2020). Pheromone released by nearby
colonies is suspected to affect spawning behavior and could possibly explain the pattern
observed in the present study (Levitan et al, 2011). Any endocrine disorder (Shlesinger
& Loya, 2019) could further disturb coral spawning patterns.

II. Germinal vesicle migration
In most oocytes of Favites colonies and the half of oocytes of D. speciosa, the
nucleus has been located at the center of oocyte on the full moon day. As the spawning
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approached, the nucleus moved from the center to the periphery of oocytes and its shape
changed from round to flat. A similar GVM pattern was observed in A. nasuta, but with
a higher proportion of nucleus that had already positioned at the periphery of oocytes
and with a flattened shape on the full moon day. Besides the variation in proportions of
GVM, the GVM seems to happen faster in Favites corals than in D. speciosa and A.
nasuta. D. speciosa displayed a high homogeneity in the proportion of GVM among
colonies, being reflected by the narrower 95% confidence interval in our regression
analysis. The higher consistency among colonies could be related to the trait of higher
tolerance of massive corals to environmental conditions than tabular and branching
corals (Hongo et al., 2013), hence less influenced by environmental factors.
Collectively, those differences in the time course and characteristics of GVM
mechanism suggest the possibility of different reproductive strategies at the final
gamete maturation among coral species.
As GVM progressed following lunar phase, it may be possible that the GVM
mechanism is activated by factors that are related to lunar phase. In corals, the influence
of lunar phase on spawning timing has already been well-documented (Babcock et al.,
1994; Fogarty et al, 2019; Richmond & Jakie, 1984). Therefore, GVM could be a
mechanism that is activated by lunar phase and determines the spawning timing in
corals.
While Suwa and Nakamura (2018) suggested the existence of GVM in the
scleractinian coral G. fascicularis, our study is the first study to demonstrate the
existence of this mechanism in multiple scleractinan corals. In comparison with results
in G. fascicularis that showed a highly synchronized GVM phenomena among oocytes
(Suwa & Nakamura, 2018), our results, however, indicated a high variation in the GVM
among oocytes, implying the influence of internal and external factors in the
mechanism in scleractinian corals.
12
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III. Germinal vesicle breakdown
Contrary to the previous study that reported the occurrence of GVBD two hours
before the spawning in G. fascicularis (Suwa & Nakamura, 2018), we did not observe
GVBD in its typical state in the present study even in the samples collected at 3 hours
before spawning. However, our histological images of oocyte suggested that we could
have observed initial and pre-final stages of GVBD before its ultimate completion.
Similar proportions of initial and pre-final stage of GVBD occurred at the same
mensentry in each histological slide suggest a rapid temporal change between the two
stages of GVBD. Interestingly, A. nasuta had higher proportions of oocystes with
GVBD in the samples collected at both 3 and 10 hours before spawning. This suggests
that A. nasuta could maintain these stages longer than the other merulinid corals studied.
Alternatively, in concordance with the results observed on GVM and GVBD, it could
indicate that different stages may co-occurred in Acropora corals which also related to
the wider window observed in its spawning timing (Lin & Nozawa, 2017).

IV. Time course of final gamete maturation
Here we propose a possible time course of final gamete maturation in the four
scleractinian corals based on results of the previous and present studies. In scleractinian
corals, mature oocytes harbor a large nucleus at the center of the oocyte at the late stage
of gametogenesis 1–2 months before spawning (Alina & Pilson, 1980). Oocytes change
the color from white to reddish or grayish two to three weeks before spawning
(Shlesinger, Goulet, & Loya, 1998). The onset of GVM might start before full moon in
D. speciosa and A. nasuta and around full moon in Favites species. Then, GVM is
completed in most oocytes before spawning in four species of targeted corals. Once
GVM has been completed, breakdown of nucleus membrane (initial stage of GVBD)
starts and oocytes subsequently change into the state of pre-final stage, characterized
13
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by irregular shapes of lipid droplets and some dark particles, on the spawning day. In
the final stage of gamete maturation, GVBD might be completed one to two hours
before spawning (Suwa & Nakamura, 2018). At the end of gamete maturation, GVBD
is hypothesized to end with the extrusion of the first polar body after gamete bundles
formed. Finally, those fertilizable eggs are ready to unite with male gametes for
fertilization when spawning happen (Padilla-Gamiño et al., 2011).

V.

Conclusion
The present study observed GVM and a part of GVBD mechanisms in the four

scleractinian coral species. High variation of time course in GVM and different
proportions of GVBD among species suggest a susceptibility of these mechanisms to
internal and external factors, which imply a possibility of different adaptive strategies
among them under the changing climate. Future studies should refine the time course
of GVM and GVBD and also examine details of these mechanism to other corals.
Information on other coral species from merulinid and acroporid coral will more clearly
clarify their divergence in final maturation regarding to their phylogenetic relationship.
Furthermore, extra data from the same coral species used in the present study could be
used to examine possible changes in the mechanisms that might occur in the future.
Especially, combining such data with environmental variables that are influential to
coral reproductive processes, such as seawater temperature and moonlight intensity,
may be important as well. Further studies on the final maturation might provide key
information that explains why some scleractinian corals have lost their spawning
synchronicity in a time of climate change (Shlesinger & Loya, 2019).
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Figure 1. Histological results on 0, 1, 2, 4, 6, 7 DAFM in four target species. Scale
bar is 100 µm
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Figure 2. Daily percentage of GVM in GLMM plots with 95% confidence
intervals (grey shaded area) in four target species. x-axis is days after full moon; yaxis is the average percentage of oocytes with GVM.
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Figure 3. Percentage of oocytes with GVM on first observing day (FM or 1
DAFM) in four target species. A.n.- Acropora nasuta; D.s.- Dipsastraea speciosa;
F.c.- Favites colemani; F.p.- Favites pentagona. Different symbols (a, b, ab) indicate
significant difference between groups (p < 0.05)

23

doi:10.6342/NTU202001650

Figure 4. Percentage of oocytes with suspected GVBD in 10 hours (in situ
samples) and 3 or 4 hours (ex situ samples) before spawning. A.n.- Acropora
nasuta; D.s.- Dipsastraea speciosa; F.c.- Favites colemani; F.p.- Favites pentagona
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Figure 5. Percentage of oocytes with two forms GVBD in 10 hours (in situ
samples) and 3 or 4 hours (ex situ samples) before spawning. A.n.- Acropora
nasuta; D.s.- Dipsastraea speciosa; F.c.- Favites colemani; F.p.- Favites pentagona.
(a) the image of oocyte in the initial stage of GVBD; (b) the image of oocyte in the
pre-final stage of GVBD, Arrows: br- blur tissue; fo-follicular-like cells.
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Supplementary Figure S1. Study site, Gongguan at Lyudao (Green Island),
southeastern Taiwan. Pictures are the sampling site and tagged colonies underwater
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Supplementary Figure S2. Day and night observation on spawned colonies.
Observed by different way (a) day time - transparent cup trap; (b) night time - scuba
diving with raw eyes to observe spawning event in tagged colonies. Red arrows point
the bundles which were released during spawning.
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Supplementary 3. Flowchart of in situ and ex situ experiments. (a) tagged colonies;
(b) daily sampling on each colonies; (c) spawning observation; (d) collected targeted
colonies for tank experiment; (e) dark period to induce spawning for Favites colemani;
(f) H2O2 exposing to induce spawning for Acropora nasuta; (g) tank culturing for
hourly sampling until colonies spawned
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Supplementary 4. Records of spawning date and pictures of trapped bundles
which released by spawned colonies in April. Red arrows and boxes point the
gametes which were released by the colonies and trapped in cups for a night. The two
species have different gamete color
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Supplementary 5. Records of spawning date and pictures of trapped bundles
which released by spawned colonies in May. Red arrows point the gametes which
was released from spawned colonies and trapped in cups for a night.
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Supplementary 6. Shapes of oocytes which have suspected GVBD in 10 (in situ)
and 3 (ex situ) hours before spawning samples. (a)- Favites colemani; (b,c,d)Acropora nasuta
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Supplementary 7. Differences between oocytes and oocyte with GVBD. (a)(b) two
stages of oocytes; (c)(d) two stages of oocytes with suspected GVBD.
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Supplementary 8. Consecutive sectioning slides from 4-hours before spawning
(ex situ) sample in Favites colemani. Consecutive sectioning slides in order to see
the dissolution of nucleus in an oocyte with suspected GVBD
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