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Development and maintenance of coral reef ecosystems rely on daily micro-
biological activities of healthy corals. Although a comprehensive understanding
of coral biological properties, as well as factors negatively affecting coral growth,
are essential to conserve existing corals, the current lack of a tractable culture
and experimental platform has delayed acquisition of such knowledge. Here we
show a highly versatile culture system, “coral-on-a-laboratory dish” (CLD),
allowing long-term culturing of various corals in plastic/glass Petri dishes with
maintenance of their biological properties. Under optimized conditions, coral
microcolonies (~5 mm x 5 mm fragments) of Pocillopora damicornis were
cultured for several months in dishes with high survivorship and characteristic
growth. These microcolonies maintained their biological properties, such as
reproduction, skeleton formation, coral-algal symbiosis, ingestion, and digestion.
Thus far, CLD has been used to maintain at least 4 other coral species from 4
other families, including the Acroporidae, the Pocilloporidae, the Poritidae, and
the Merulinidae for more than 2 months with 100% survivorship. CLD is
applicable to a variety of biophysiological studies, including coral-algal
symbiosis and impact assessment of marine pollutants, e.g., a sunscreen
substance, oxybenzone, and an organic biocide, Irgarol 1051, at cellular-level
resolution. The CLD platform, which allows easy and inexpensive coral
maintenance in a laboratory incubator, represents a technological
breakthrough that will greatly advance coral studies.
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1 Introduction

Stony corals are the keystone animals that create coral reef
ecosystems, which support the highest marine biodiversity on the
planet. The three-dimensional structures produced by corals
function as nurseries for various reef organisms, and sustain
fisheries and tourism in tropical and subtropical regions (Odum
and Odum, 1955; Halpern et al,, 2012). In recent years, however,
coral reefs have steadily declined worldwide mainly due to
anthropogenic impacts, diseases, and predator damage (Hoegh-
Guldberg, 1999; Hughes et al., 2017; Hughes et al., 2018), and they
are predicted to decline further with continuing climate change
(Hoegh-Guldberg et al., 2017). With coral reefs in decline,
fundamental knowledge and technologies have been developed
worldwide to protect existing coral reefs and to attempt to restore
damaged coral reefs (Selig and Bruno, 2010; Young et al., 2012; Leal
et al.,, 2014; Barton et al., 2015; Omori, 2019).

Formation and development of coral reefs are supported by
coral biological activities that occur at microscale levels. For
examples, asexual reproduction and skeletogenesis underlie coral
growth and reef development. Coral health is maintained primarily
through symbiotic relationships with zooxanthellae and host coral
cells, and the breakdown of this relationship, known as “coral
bleaching,” not only results in coral mortality, but also causes
disrupts the balance of coral reef ecosystems (Venn et al., 2006;
Hughes et al., 2018). Thus, more detailed biological knowledge at
the micro-scale level is a prerequisite to assess and predict impacts
of global or local climate changes on existing corals. Moreover,
there is growing public concern regarding the impact of personal
care products such as sunscreens, fungicides and other agricultural
chemicals, and other marine pollutants in recent years (Danovaro
et al., 2008; Sheikh et al., 2009; van Dam et al., 2011; Fel et al., 2019;
Watkins and Sallach, 2021). Efforts to identify substances that
negatively impact coral survival and to reduce or replace them
with non-toxic alternatives are important for management and
protection of existing corals.

Despite their importance, knowledge of cellular and molecular
biology of corals is largely inadequate. A major limiting factor is the
lack of a simple, inexpensive system to maintain corals in the
laboratory, i.e., poor accessibility to experimental samples.
Generally, culturing corals is regarded as difficult, and long-term
indoor culture systems require aquaria, sophisticated LED lights,
and expensive circulatory filtration equipment to maintain water
quality (Craggs et al., 2017). If corals could be cultured easily and
inexpensively in limited space, e.g., in incubators, like other
cnidarian model species, e.g., sea anemones and Hydra (Darling
et al.,, 2005; Bossert and Galliot, 2012), access to experimental
samples could be improved and research could be accelerated.
The other major limiting factor is the lack of a tractable
experimental platform that would allow observation and status
assessment of living corals at the cellular level. Such a platform to
observe effects of factors of interest on corals in real time at the
microscopic level under well-defined culture conditions would
make it possible not only to understand effects of environmental
factors on corals, but also to screen substances that positively/
negatively affect corals at large scale.
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To date, several experimental platforms using live corals have
been established. These platforms, using primary/juvenile polyps,
are one of the major methodologies. Because early coral polyps can
be maintained relatively easily in culture dishes or well plates,
cellular-level microscopic observations are possible and have
proven useful in studies of cellular and molecular mechanisms of
symbiosis and skeletogenesis (Yuyama and Higuchi, 2014;
Wolfowicz et al, 2016; Ohno et al., 2017). However, a major
drawback is the limited time available for conducting the
experiment, as early polyps are mainly prepared from fertilized
eggs of wild corals during the reproductive season. Recently, a novel
experimental platform, coral-on-a-chip, was developed (Shapiro
et al,, 2016). An isolated coral polyp from adult colony was
maintained for a short period of time in a small microwell
fabricated on a microscope slide equipped with a microfluidic
system. Combined with live-imaging using confocal microscopy,
detailed changes occurring in tissues of living corals, e.g.,
calcification and bleaching, could be observed in real time
(Shapiro et al,, 2016). Although it is a powerful platform, there
are still some drawbacks, such as the limited number of species (a
single genus) to which it can be applied, low survivorship of isolated
polyps caused by the current isolation method using high-salinity
stress (Shikina et al., unpublished data), and the fact that it can only
be performed in a research environment with relatively expensive,
specialized equipment.

To address these issues, we sought to establish a tractable
experimental platform that can be applied to a wide range of
coral species, and that can be easily applied in any laboratory for
both culturing and microscopic observation of corals at the same
time. Further, this platform needed to enable long-term culturing of
corals while maintaining high survival rates and a wide range of
biological properties. To achieve these ends, the present study
attempted to culture corals in 9-cm Petri dishes, to establish a
simple platform, coral-on-a-laboratory dish (CLD). As the main
experimental organism, we used Pocillopora damicornis, which is
distributed worldwide and for which transcriptomic and genomic
information are available (Traylor-Knowles et al., 2011; Cunning
et al,, 2018). Small coral fragments, namely microcolonies (about
5 mm x 5 mm) were collected from adult colonies, superglued onto
Petri dishes, and maintained using commercially available artificial
seawater in a laboratory incubator equipped with LED lights
(Figure 1A). Here, we show the establishment of a simple, but
powerful and effective platform, demonstrating its strength and
potential applications to biophysiological and ecotoxicological
studies of corals.

2 Materials and methods
2.1 Coral sampling

Collection of all coral species used in this study, i.e.,
Pocilloporidae: P. damicornis and Stylophora pistillata,
Acroporidae: Acropora tumida, Poritidae: Porites lobata, and
Merulinidae: Favites pentagona, was conducted at Pitouchiao
Park (25°07°N, 120°54’E) in northern Taiwan with permission of
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FIGURE 1

Optimization of culture conditions for maintaining corals in laboratory dishes. (A) Schematic diagram of the procedure for starting a coral microcolony
culture in a laboratory dish. (B—E) Effects of Artemia feeding on Pocillopora damicornis microcolonies. Data are expressed as the mean + SE (n = 3
replicates for each group). (B) Representative micrographs of microcolonies of a group fed Artemia (fed) and a group not fed (non-fed) at O days and 4
weeks of culture. (C) Survival rate, (D) Changes in the area covered by microcolonies, (E) Changes in the color of microcolonies *P < 0.05. (F-1) Results
of microcolony culture under two types of LED light with different light spectra. Data are expressed as the mean + SE (n = 3 replicates for each group).
(F) Light spectra of two types of LED light (LED1 and LED?2) used in the experiment. (G) Representative pictures of microcolonies cultured under LED1 or

LED?2 at O days and 4 weeks of culture. (H) Changes in the area covered by

microcolonies, (I) Changes in the color of microcolonies. *P < 0.05. (J—-M)

The effect of light intensity on P. damicornis microcolonies. Data are expressed as the mean + SE (n = 3 replicates for each group). (J) Changes in areas
covered by microcolonies. (K) Changes in masses of microcolonies. (L) Changes in the color of microcolonies. (M) Maximum quantum yield (Fv/Fm) of
zooxanthellae in microcolonies. Groups with different letters are significantly different (P < 0.05).

the Fisheries and Fishing Port Affairs Management Office of the
New Taipei city government (Issue number: 1063334179). For
each species, 4~5 large coral colonies (approximately 30 cm in
diameter) were selected, and small fragments (5~8 cm in length/
diameter for each colonies) were collected by scuba divers with a
chisel and hammer. All fragments were transported to and
cultured in an outdoor pond (40 m in length x 25 m in width X
3 m in depth) at the Marine Resources Recovery Park, New Taipei
City before use.
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2.2 Preparation of microcolonies and
culture in laboratory dishes

Microcolonies (approximately 5-8 mm in length on each side)
were prepared by cutting the apical parts of fragments with a
stainless-steel nipper. Dissected microcolonies were pooled in a
dish and washed twice with 0.22 pum filtered artificial seawater
(FASW) (filter, Stericup Quick Release, Millepore, MA, USA;
artificial seawater, Coral Pro Salt, Red Sea Aquatics Ltd, Hong
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Kong) to remove small skeletal debris and mucus. Three
microcolonies were randomly selected, and the amputation sites
(skeleton) were affixed to bottoms of plastic (9-cm diameter, Jet
Bio-Filtration Co., Ltd. Guanzhou, China) or glass culture dishes
(9-cm diameter, ANUMBRA, Germany) with underwater superglue
(ISTA, Taiwan). After adding 60 mL of FASW per dish, dishes were
covered with lids and sealed with Parafilm M (Amcor, United
States) to prevent evaporation of seawater. Microcolonies were then
cultured under LED light (Xmini, Illumagic, Taiwan; 12 L: 12 D
cycle) in a plant incubator (SS-980, Tominaga, Taipei, Taiwan;
190 cm in height x 86 cm in width x 82 cm in depth). The
temperature was set to 23 + 0.1°C based on the average annual water
temperature of the sampling site. For feeding, HUFA-enriched
Artemia nauplii were provided as the only food source. Artemia
were added directly to the dishes (500 Artemia/dish once every
three days). Feeding time was set as 3 h. After feeding, all seawater
in the culture dishes was replaced with 60 mL of FASW.

2.3 Optimization of culture conditions

Effects of Artemia feeding (fed or non-fed), light spectrum (2
types of LED lights. LED1:ReefLED 90, Red Sea Aquatics Ltd.,; and
LED2: Illumagic Blaze X Mini LED Aquarium Lighting, Taiwan),
and light intensity (3 levels: 20-40, 60-80, 100-120 umol/mz/s, use
LED?2) were investigated. Test periods were 4-6 weeks. In all groups,
3 dishes (3 microcolonies/dish, total 9 microcolonies) were
prepared from one colony per experiment. Experiments were
performed at least 3 times (triplicate) with different colonies. To
evaluate coral status non-destructively, all microcolonies in culture
dishes were photographed weekly with a digital camera (RX100II,
Sony, Tokyo, Japan) under a stereo microscope (EZ4, Leica
Microsystems, Mannheim, Germany). Survival (%), abnormality
(%, for more detail, see Figure S1), growth (area fold change), newly
produced polyp number, polyp morphology (tentacle number),
polyp expansion status (degree rating, for more detail, see Table
S1; Figure S1), and color change (Red Green Blue [RGB] values)
were quantified by comparing and analyzing photographs taken at
the beginning of the culture and at various times thereafter. Image
analysis was performed with Image J software (Wayne Rasband,
National Institutes of Health, Bethesda, MD, USA; https://
imagej.nih.gov/ij). For color analysis, RGB values (three values)
from a single microcolony were added, and the color change was
shown relative to the value on the first day of culture. Positive values
indicate whitening, while negative values indicate darker colors. To
measure changes in microcolony mass, seawater in culture dishes
was discarded and any remaining water removed using a cloth.
Masses of culture dishes containing coral microcolonies were
determined using an electronic balance and masses of culture
dishes were subtracted from the total to obtain masses of coral
fragments. This simplified measurement method was employed
because the purpose of this measurement was to provide a rough
measurement of the increase in coral volume during the culture
period. Negligible amounts of seawater on coral surfaces were
ignored. The maximum quantum yield (Fv/Fm) of zooxanthellae
in microcolonies was assessed with a Junior-PAM portable
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chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich,
Germany) according to the manufacturer’s instruction. Samples
were dark-acclimated for 30 min prior to measurement of Fv/Fm.

2.4 Monitoring changes in seawater
chemistry in culture dishes

With CLD, seawater in culture dishes is replaced with fresh
FASW every 3 days. In other words, microcolonies are maintained
for 3 days in a closed-dish environment. To examine changes in
seawater chemistry in the dishes during the culture period, all 60
mL of seawater were collected at 2:00 pm (6 h after turning on the
lights) from each dish after 3 days of culture, and salinity, pH, total
alkalinity (TA), Ca** concentrations, dissolved oxygen (DO),
ammonia, NO,, NOj, and PO, were measured using a
multiparameter waterproof meter (HI98194, HANNA
instruments, Inc. RI), a multiparameter benchtop photometer,
and a pH meter (HI83300, HANNA), according to the
manufacturer’s instructions. Three timepoints during weeks 2-4
of culture with actively growing microcolonies were selected for
measurements: (i) days 14-17 of culture, (ii) days 18-21 of culture,
and (iii) days 22-25 of culture. Culturing seawater was collected
from 3 culture dishes at each timepoint (n=3 dishes, derived from 3
colonies) and used for measurements (total, 9 seawater samples). As
a control group, three culture dishes with no microcolonies were
filled with fresh FASW at the same time and incubated in the same
culture environment for 3 days, and then changes in water quality
were measured.

2.5 Skeletogenesis

Calcein AM (Sigma-Aldrich), a fluorescent label that binds
calcium, was introduced into cultures for 4 h at a final
concentration of 20 uM at 28 days of culture. After coral tissues
were removed with 10% sodium hypochlorite, the remaining
skeletons on the dishes were washed with distilled water and
observed under a fluorescence stereomicroscope (SZX16;
Olympus, Tokyo, Japan). Ultrastructure of skeletons was also
observed with a scanning electron microscope (JSM-7160F, Joel,
Tokyo, Japan).

2.6 Histological analysis and
immunohistochemistry

Microcolonies were fixed in Zinc Formal-Fixx (Thermo
Shandon, Pittsburgh, PA) diluted 1:5 in FASW. After
decalcification with 5% formic acid, samples were preserved in
70% ethanol before use. For histological analysis, a portion of each
sample was embedded in paraplast plus (Sherwood Medical, St.
Louis, USA) and cut into 4-um serial sections. Hydrated sections
were stained with Hematoxylin and Eosin Y (Thermo Scientific
Shandon). To determine numbers of zooxanthellae in polyps, 10 to
15 sections (approximately 20% of the total sections/polyp) were
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randomly photographed for each polyp. Tentacle areas and the
number of zooxanthellae in the tentacles were determined using
Image ] software, and the average concentration of zooxanthellae/
10,000 um* was estimated for each polyp. Immunohistochemistry
to detect germline cells was performed according to the
methodology of our previous report (Shikina et al., 2012). For the
primary antibody reaction, hydrated sections were incubated with a
polyclonal antibody against Eapiwi (Shikina et al., 2015) diluted
1:4,000 in phosphate buffered saline with Tween-20 (PBST) and 5%
skim milk for 16 hr at 4°C. After several washes with PBST, sections
were incubated with a biotinylated goat anti-rabbit IgG antibody
(Vector Laboratories, Burlingame, CA) diluted 1:4,000 in PBST
with 5% skim milk for 1 h for the secondary antibody reaction.
Sections were then incubated in standard avidin-biotinylated-
peroxidase complex solution (ABC kit, Vector Laboratories) for
30 min. Immunoreactivity (brown color) was visualized using 3,3'-
diaminobenzidine (DAB, Sigma-Aldrich). Sections were then
counter-stained with Haematoxylin (blue-purple color), and
observed under an IX71SF1 microscope (Olympus).

2.7 Induction of bleaching

Bleaching was induced by menthol treatment (final concentration:
0.19 mM) according to a previous report (Wang et al,, 2012). Bleaching
status was monitored by observing the chlorophyll autofluorescence of
zooxanthellae (excitation at 559 nm) under a fluorescentce microscope.
Histological analysis was also performed to further confirm bleaching
status according to methods described above. Bleached microcolonies
were maintained by feeding Artemia (500 Artemia/dish) and/or liquid-
type coral food (Product name: Reef Energy, Red Sea Aquatics Ltd.)
once every three days. After feeding, all seawater in the culture dishes
was replaced with fresh FASW.

2.8 Zooxanthella enrichment, labeling with
fluorescent dye, and infection

P. damicornis fragments (1 cm x 1 cm in size) were immersed in
0.43 U/mL trypsin (Worthington Biochemicals, Freehold, NJ) in
FASW for 2 h at room temperature (Chiu et al., 2019). Dissociated
cells were collected, washed with FASW, and resuspended in
FASW. Subsequently, a Percoll gradient was used to enrich
zooxanthellae. Briefly, Percoll solutions (Cytiva, Sweden) with
different concentrations, i.e., 30%, 50%, 60%, and 70%, were
prepared by mixing Percoll with FASW containing 0.1% bovine
serum albumin (BSA). BSA was added to increase cell recovery. The
Percoll gradient was created in a 15-mL tube, and the dissociated
coral cell suspension was placed on the top layer. After
centrifugation at 1,000 rpm for 10 min, the fraction with enriched
zooxanthellae was collected in a 15-mL tube and washed three times
with FASW containing 0.1% BSA. Then, cell membranes of
zooxanthellae were labeled with PKH26 fluorescent dye (Sigma-
Aldrich, USA) according to the manufacture’s protocol. For
zooxanthella infection, PKH26-labeled zooxanthellae (1x10° cells)
were resuspended in 50 puL of FASW, and the zooxanthellae
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suspension was injected onto bleached microcolonies that were
maintained in culture dishes. After 3 and 24 h, the presence of the
exogenous zooxanthellae was observed under a fluorescence
stereomicroscope (SZX16; Olympus).

2.9 Self-non-self-recognition

Two microcolonies prepared from identical or different P.
damicornis colonies were cultured attaching to each other. The
microcolonies were fixed to bottoms of plastic dishes (Jet Bio-
Filteration Co., Ltd.) with underwater superglue (ISTA). Reactions
occurring between the two microcolonies were observed and
photographed under a stereo microscope (EZ4, Leica) at 0, 7, 14,
21, and 28 days of culture. The experiment was designed based on
previous studies (Jokiel and Bigger, 1994; Nozawa and Loya, 2005;
Puill-Stephan et al., 2012). Artemia feeding and water replacement
were carried out once every three days according to the method
described above. Experiments were performed 3 times using 3
different colonies combinations, and coral conditions were

evaluated using the health indices described above.

2.10 Effects of benzophenone-3 and
Irgarol 1051 on microcolonies

Microcolonies were treated with BP3 and Irgarol 1051 (Sigma-
Aldrich) at concentrations of 0, 2, 4, 6, 8, 10 pg/mL, and 0, 1, 10 pg/
mL, respectively, according to previous reports (Danovaro et al.,
2008; Hirayama et al., 2017; Fel et al, 2019). Vehicle (dimethyl
sulfoxide or acetone) was added to the control group. Pocillopora
damicornis microcolonies were cultured in the CLD platform for 1-
2 weeks, and microcolonies were photographed at different times.
Survival, abnormality rate, growth, bleaching levels, and maximum
quantum yield (Fv/Fm) of zooxanthellae were determined as
described above.

2.11 Food intake ability

A cloning cylinder (10 mm x 10 mm, Sigma-Aldrich) was put
into Petri dishes surrounding the cultured microcolony, and
Artemia were added inside the cylinder at a concentration of 100
individuals/microcolony. Microcolonies were allowed to feed for
3 h, and then the remaining Artemia in the cylinder were collected
and counted. The number of Artemia consumed by a microcolony
was determined as the difference between the initial and final
number of Artemia. Then, the polyp number of the microcolony
was determined, and the number of ingested Artemia/hour/polyp
was calculated and compared among conditions.

2.12 Statistics

All data are presented as means + standard error (SE). Statistical
differences between two groups were determined using Student’s t-
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test. For comparisons among more than three groups, statistical
significance was determined using one-way ANOVA followed by
Tukey’s test using a statistical significance level of P<0.05. All
analyses were performed using the Statistical Package for the
Social Sciences (SPSS) software.

3 Results

3.1 Maintaining corals in a laboratory dish
and optimizing culture conditions

We first attempted to develop indexes to assess the health status
of corals in culture. Generally, healthy corals grow while
maintaining their tissue structural integrity and their symbiotic
relationship with zooxanthellae. Additionally, they not only
reproduce asexually to increase polyp numbers, but also grow via
skeletogenesis. We then developed a non-destructive coral health
index to evaluate and compare the status of corals in culture by
quantifying various coral characteristics (Table S1; Figure S1).

To optimize culture conditions, first, effects of feeding on
microcolonies were investigated. We compared survivorship,
growth rates, and color changes during a 4-week culture period
between a group fed Artemia twice a week (fed) and a group not fed
(non-fed). For the culture system, typel LED lights, which have a
bluish spectrum (intensity: 20-40 umol/m?*/s) were used. Seawater
was replaced every three days, and dishes were covered with a lid
and sealed with parafilm to prevent seawater evaporation. As a
result, although microcolonies were cultured in a static, closed
environment, the survival rate was 100% in both groups
(Figure 1B). Microcolonies settled on surfaces of the culture
dishes and expanded their tissues, also producing new polyps by
asexual reproduction in both groups (Figure 1C). The growth rate
(change in area) was 3.3-fold, with no significant difference between
the groups (Figure 1D). However, differences were observed in coral
color, with the non-fed group showing significant bleaching, while
feeding mitigated bleaching (Figure 1E).

Next, we cultured microcolonies under two types of LED
(intensity: 20-40 umol/m?/s) with different spectra. LEDI has a
mainly blue spectrum, while LED2 has red and green wavelengths
as well as blue (Figure 1F). The survival rate of both groups was
100%, and a slightly higher coral growth was observed under LED 1
than under LED 2 (Figures 1G, H). However, slight coral bleaching
was observed under LED1, but not under LED2 (Figures 1G, I). To
further optimize lighting conditions, the effect of light intensity was
investigated. Considering future applications to the study of coral-
algal symbiosis, LED2, which caused less bleaching, was employed
in this experiment. Microcolonies were cultured at 20-40, 60-80, or
100-120 umol/m?*/s for 4 weeks, and survival rates of all groups
were 100%. The highest growth was observed in the 60-80 wmol/
m?/s group (Figures 1], K). In contrast, in the 20-40 umol/m?/s
group, no bleaching was observed, and coral color became even
darker than at culture initiation (Figure 1L). Slight bleaching was
observed in other groups (Figure 1L). Maximum quantum yield
(Fv/Fm) was highest in the 20-40 umol/m*/s group during the 4-
week culture period (Figure 1M). Given the results of the above
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experiments, with future applications in mind, we developed the
following culture protocol for P. damicornis microcolonies using
the CLD platform (Table S2).

3.2 Long-term culture and propagation of
microcolonies using the CLD platform

Subsequently, we examined whether long-term culture and
growth of microcolonies using the CLD platform were feasible.
All P. damicornis microcolonies exhibited 100% survival and grew
for 3 months without tissue abnormalities (Figures S2A-C). They
all settled on the dish surface during the one month of culture, and
gradually expanded their tissues, increasing in polyp numbers and
mass (Figures S2D-F). Tentacle numbers in newly produced polyps
were the same as those of original polyps (Figure S2G). Distinct
differences were found in growth status of the colonies. During the
3-month culture period, the fastest growing colony, colony 2,
produced about 80 new polyps with an apparent mass increase,
and its area increased about 12 times. In contrast, the slowest
growing colony, colony 3, produced only about 30 new polyps, and
its area increased about 7 times (Figure S2E, F, H). Although there
were occasional microcolonies that bleached slightly, zooxanthellae
in microcolonies retained their photosynthetic activity over the 3-
month culture period (Figure S2I).

We examined whether fragmentation of microcolonies grown
in vitro and reseeding are possible. From microcolonies cultured for
5 months (Figures 2A-C), newly generated parts were fragmented
to an appropriate size with tweezers on the culture dishes, and
seeded into new culture dishes (Figure 2D). All fragments survived
and grew for at least 6 weeks without tissue abnormalities or
bleaching (Figures 2E-G). Zooxanthellae in the fragments
retained their photosynthetic activity throughout the culture
period (Figure 2H).

3.3 Monitoring changes in
seawater chemistry

With the CLD platform, seawater in culture dishes is replaced
every 3 days. Salinity of seawater in the culture dishes of P.
damicornis microcolonies showed no significant changes, and
levels of ammonia, NO,, NOs, and PO, were very low or almost
undetectable after 3 days of culture. DO increased slightly.
However, the pH decreased from 8.3 to 7.4 and levels of Ca®" and
total alkalinity also decreased significantly (Table 1).

3.4 Observation and characterization
of biological properties of microcolonies
in culture

Microcolonies exhibited asexual reproduction and continuously
increased their polyp numbers. Microscopic observation of the
budding process at 1 month of culture revealed small aggregations
of zooxanthellae, from which new polyps with tentacles appeared in
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Fragmentation of microcolonies grown in vitro and their re-seeding. (A) Representative pictures of microcolonies cultured in laboratory dishes for 5
months under optimized conditions. (B) Representative micrograph of part of the grown area in vitro. (C) A higher magnification view of the inset
shown in (B) Note that polyps produced in vitro can extend their tentacles. Zooxanthellae (brown) can be observed within their tentacles. (D)
Schematic diagram of the procedure for fragmentation of microcolonies grown in vitro and their culture in a laboratory dish. (E—H) Results of the
culture after 6 weeks. Results show the average of triplicate experiments performed using 3 colonies. (E) Survival rate. (F) Changes in areas covered
by microcolonies. (G) Changes in the color of microcolonies. (H) Maximum quantum yield (Fv/Fm) of zooxanthellae in microcolonies.
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an average of 6-8 days (Figure 3A; A1-A4). In cultures, releases of
planula larvae were occasionally observed in microcolonies cultured
for more than 16 days (Figure 3B). Released planulae were
morphologically normal (Figure 3C) and retained their settlement
and metamorphosis abilities (Figure 3D). Immunohistochemical
analysis demonstrated the presence of spermaries (male germ cell
clusters) in microcolonies cultured for 1 month (Figure 3E).
Microcolonies were also observed to actively expand tissues on the
dish surface via skeletogenesis (Figure 3F). Skeletogenesis in culture

TABLE 1 Change in seawater chemistry in the culture dish.

could also be visualized by calcein incorporation (Figure 3G).
Microscopic observation of skeletons formed in culture
demonstrated the presence of skeletal elements such as sclerosepta
and coenosteal surface spines. Desmocyte attachment scars, which
are necessary for polyp anchoring, were also observed by electron
microscopy (Figures 3H, I). Additionally, microcolonies in cultures
fed actively. When Artemia were added to cultures, polyps used their
tentacles to prey on them (Figure 3]). The time between capture and
incorporation into the body was 30-60 s, and incorporated Artemia

Replicate Salinity DO
[\[o} (%o0)
Min 34.1 481 8.24 203.8 491 0.21 0.01 0 0.02
Original Day 9 Max 35.8 5.52 8.35 2288 523 0.49 0.01 0.05 0.02
seawater 0
Mean + = 3507 % 512+ 829 + 2177 + S04 4 3 036 + 0.01 + 0.02 + 0.02 +
SE 0.23* 0.07* 0.01* 3.5° - 0.04* 0.00* 0.01* 0.00*
Min 3431 472 8.19 202 481 031 0.01 0.01 0.03
Control dish | Day 9 Max 35.95 5.29 8.28 2235 521 0.43 0.01 0.07 0.06
(no corals) 3
Mean + = 3523+ 497 + 823 + 2147 + 500 4 48 038 + 0.01 + 0.03 + 0.05 +
SE 021* 0.07* 0.01* 310 - 0.02* 0.00° 0.01° 0.00
Min 34.68 6.88 7.03 89.4 379 0.19 0.01 0 0.01
Experimental
dish Day 9 Max 35.8 7.57 7.76 130.5 475 0.71 0.02 0.02 0.03
i 3
(with corals) Mean + | 3532 % 712 & 741 & 1088+ o 035 + 0.01 & 0.00 + 002 +
SE 0.21° 0.07° 0.07° 53" - 0.06" 0.00° 0.00° 0.00°
*® Groups with different letters are significantly different (One way ANOVA, P < 0.05).
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FIGURE 3

Observation and characterization of biological properties of microcolonies in culture. (A) A microcolony cultured in CLD for 1 month. A1-A4. Time
series observations of the budding process. Arrows indicate budding sites or a newly forming polyp. (B) Brooding of planula larvae by some polyps in
a microcolony cultured in CLD for 16 days. The microcolonies were prepared from the P. damicornis colony fragments collected in the field during
the reproductive season (May-June) in the northern Taiwan. (C) Released planulae. (D) A small new colony formed by a released planula in vitro.

(E) Immunohistochemical demonstration of the presence of a spermary in the microcolony cultured in CLD for 1 month. Arrows indicate a male
germ cell cluster (brown color). Cell nuclei were stained with hematoxylin (blue-purple color). (F) Skeleton of a microcolony cultured for 1 month.
(G) Calcein incorporation into the skeleton. (H) Microscopy of the skeleton formed in vitro. (I) Electron microscopy of the skeleton formed in vitro.
Desmocyte attachment scars, which are necessary for polyp anchoring, are observed. (J—M) Time-series observations of predation and digestion of
Artemia by P. damicornis polyp. Arrows indicate Artemia. (N—Q) Polyp contraction in response to vibration.(N, O) Microcolonies before stimulation.
(P, Q) Microcolonies after stimulation.
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were digested in 5-6 h (Figures 3K-M). Furthermore, polyps had the
ability to sense external stimuli, e.g., vibrations and strong water
currents, and they contracted in response to these stimuli within
seconds (Figures 3N-Q).

3.5 Culturing other stony corals using the
CLD platform

We examined the possibility of cultivating microcolonies of
other stony corals from different families using the CLD platform.
Three small-polyp species (polyps 1-2 mm in diameter,
Acroporidae: Acropora tumida, Pocilloporidae: Stylophora
pistillata, Poritidae: Porites lobata), and one larger-polyp species
(polyps 5-10 mm in diameter, Merulinidae: Favites pentagona),
were selected. These corals were cultured for more than 2 months
with 100% survival rates and apparent growth (Table 2; Figure S3).

3.6 Potential application of
CLD to biophysiological and
ecotoxicological studies

In view of its application to biophysiological studies, first,
experiments regarding coral-algal symbiosis study were
conducted. Menthol treatment (Figure 4A) induced apparent
bleaching of all microcolonies. Survival rates of menthol-treated
microcolonies were approximately 80% at 2 weeks (Figure 2B). The
number of symbiotic algae and the maximum quantum yield of
zooxanthellae (Fv/Fm) in bleached microcolonies was significantly
decreased (Figure 4C, D). Notably, infection of bleached
microcolonies with labeled zooxanthellae was successful
(Figures 4E-I). Microscopy revealed that labeled exogenous
zooxanthellae were first distributed on the mesenterial filament
3 h after infection (Figures 4], K). Then, they were distributed in the
gastrodermis of tentacles (Figures 4L-N) and body wall (Figures
S4A, B) 24 h after infection, as were endogenous zooxanthellae. The
percentage of microcolonies with labeled exogenous zooxanthellae
in tentacles or body walls 24 h after infection was about 60%. In the
control group infected with unlabeled zooxanthellae, infection
could not be confirmed due to an inability to distinguish between
residual and exogenous zooxanthellae (Figures S4C, D).

Subsequently, we examined whether the CLD platform can be
used in studies of self-non-self-recognition mechanisms in corals.
Microcolonies prepared from identical or different colonies were

10.3389/fmars.2023.1149495

cultured attaching to each other, and reactions occurring between
two microcolonies were examined. Fusion reactions occurred
between identical colonies (Figures 5A-D) and rejection reactions
between non-identical colonies (Figures 5E-H). No mortality or
abnormalities were observed in any microcolonies during
the experiment.

With a view to ecotoxicological applications, effects of
benzophenone-3 (BP3, also known as oxybenzone, a sunscreen
substance) and Irgarol 1051 (an organic biocide in marine
antifouling paints) were evaluated on corals using the CLD
platform. Concentrations of BP3 >4 pg/mL caused abnormalities
in tissues, such as loss of the coenosarc at 0-2 days of culture, and
eventually led to polyp detachment and mortality (Figures 6A-C,
also see Figure S1). Interestingly, no obvious coral bleaching nor a
decrease in the maximum quantum yield of zooxanthellae was
observed (data not shown). In contrast, microcolonies treated with
Irgarol 1051 showed distinct bleaching at concentrations of 1 g/
mL and 10 pg/mL at 7 days of culture with decreases in the
maximum quantum yield of zooxanthellae (Figures 6D-F). There
were no other readily noticeable external abnormalities, and polyps
displayed approximately 80% survivorship at concentrations of 10
pg/mL for the two-week experimental period (Figure 6G). However,
polyps of bleached microcolonies showed a tendency toward
reduced feeding ability (Figure 6H).

4 Discussion

The present study successfully established techniques for
stable long-term culture of P. damicornis microcolonies in Petri
dishes while maintaining its biological properties. We have also
shown that CLD is a useful experimental platform for conducting
a variety of studies, such as coral-algal symbiosis, coral self-non-
self-recognition, and impact assessment of environmental
pollutants. Furthermore, the platform is able to maintain at
least 4 other coral species from 4 other families for more than 2
months with 100% survivorship. These results demonstrate that
the established platform is highly versatile, and has great
potential for application to a variety of biophysiological and
ecotoxicological studies of corals at cellular-level resolution. In
general, stony corals are considered difficult to culture in the
laboratory and their maintenance has required expensive
equipment. Therefore, the CLD platform, which allows for easy
and inexpensive coral maintenance, represents a technological
breakthrough, enabling a variety of coral studies.

TABLE 2 A 2-month culture of coral microcolonies using the CLD platform.

Species Survival rate (%)

Growth

Total no. of cultured colony (microcolonies)

(bottom area fold change)
Acroporidae Acropora tumida 100 + 0 2.54 +0.16 3(27)
Pocilloporidae ‘ Stylophora pistillata 100 + 0 1.64 + 0.11 ‘ 3(27)
Poritidae ‘ Porites lobata 100 £ 0 2.22 +0.15 ‘ 3(27)
Merulinidae ‘ Favites pentagona 100 £ 0 2.19 £0.20 ‘ 3(27)
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Potential application of CLD to coral-algal symbiosis studies. (A) Induction of bleaching by menthol treatment. The top panel shows the control
Pocillopora damicornis microcolony and the lower panel shows the menthol-treated microcolony. (B) Survival rate during the 14-day culture period.
(C) Number of zooxanthellae in control and menthol-treated microcolonies as estimated by histological analysis. (D) Maximum quantum yield (Fv/
Fm) of zooxanthellae in control and menthol-treated microcolonies. nd, not detected. Data in (B—D) are expressed as the mean + SE (n = 3
replicates for each group). (E) Schematic diagram showing the infection procedure of labeled zooxanthellae to bleached microcolonies. (F, G)
Brightfield and fluorescence views of isolated zooxanthellae with no labeling (control). (H, 1) Brightfield and fluorescence views of zooxanthellae with
PKH26 fluorescence. (J—M) Brightfield and fluorescence views of the bleached microcolony that received PKH26-labeled zooxanthellae. (3, K) 3 h
after infection. (L—N) 24 h after infection. Note that labeled exogenous zooxanthellae were distributed on the mesenterial filament 3 h after infection
(arrows), and then distributed in the gastrodermis of tentacles (arrowhead) 24 h after infection. Arrowhead, endogenous zooxanthellae.

CLD has three important features as a study platform. First,
small laboratory dishes and commercially available artificial
seawater are used as the main materials. These items are
inexpensive, readily accessible, and allow for microscopic
observation of the experimental subject. Second, coral
microcolonies (or nubbins) were used as the experimental
samples. A number of genetically identical microcolonies can be
easily be prepared from a single parental colony (Shafir et al., 2003;
Shafir et al., 2006). Indeed, the preparation of coral microcolonies is
easy and fast, and can be performed in the laboratory without
special treatments or expensive equipment (Shafir et al., 2003; Shafir
et al,, 2006). Unlike embryos and larvae that can be obtained only
during the coral reproductive season (Ohno et al., 2017),
microcolonies can be prepared regardless of the season.
Moreover, unlike isolated coral polyps from adult colonies using
high salinity stress (Shapiro et al., 2016), microcolonies not only
have high survivorship in CLD, but also retain polyp-polyp
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connections. Microcolonies also maintain polyp structure, tissue
integrity, and a wide range of biological properties which are lost in
the conventional coral cell/tissue culture studies (Rinkevich, 2005;
Domart-Coulon and Ostrander, 2015). Third, aquaria/tanks and
specialized devices are not used for coral maintenance in CLD. In
previous studies, a system has been used in which coral
microcolonies were grown on coverslip glued to the bottom of a
Petri dish, and observed under a microscope for calcification
processes (lateral skeleton preparative assay, Muscatine et al,
1997; Raz-Bahat et al, 2006). However, in that system, Petri
dishes with corals are maintained in an indoor flowing aquarium
(Raz-Bahat et al., 2006). A special device for maintaining coral
microcolonies, a flow-through coral chamber, has recently been
developed and migration of dinoflagellates has been studied (Bockel
and Rinkevich, 2019). CLD, by contrast, does not require expensive
aquaria/tanks system or specialized devices, and consists only of
materials that can be easily prepared in any laboratory. Thus, it can
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FIGURE 5

Potential application of CLD to self-non-self recognition mechanisms in corals. (A—D) Micrographs of the adhesive surface of two microcolonies prepared
from the same parental colony. (E-H) Micrographs of the adhesive surface of two microcolonies prepared from two different parental colonies. Note that
fusion reactions occurred between identical colonies and rejection reactions (arrows) occurred between non-identical colonies. Micrographs were taken at
0 and 28 days of culture. Boxed regions in (A, C, E, G) indicate the source of the higher magnification views (B, D, F, H respectively).
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be introduced into many laboratories with comparative ease.
Assuming that each dish is equivalent to an independent tank,
CLD will allow us to perform multiple biological experiments at
once at a cellular level and low cost. A common incubator (about
300 L) could have 50 or more dishes in it at the same time. The CLD
platform is small and requires only a small amount of seawater, so it
may be useful for experiments in which small amounts of test
chemicals are added. Establishment of techniques for gene
functional analysis such as gene knockdown by RNA interference
(Wilson and Doudna, 2013) and genome editing (Wang et al., 2016)
will make CLD a more powerful platform for studying biological
characteristics of corals at the molecular, cellular, and
organismal levels.

Another important achievement of this study is the
establishment of non-destructive coral health indexes.
Conventionally, presence/absence of bleaching and photosynthesis
ability of zooxanthellae (Fv/Fm) have been used as health indicators
(Warner et al,, 1999). In addition, the present study focused on and
quantified intrinsic biological properties that can be analyzed based
mainly on image analysis and direct counts, i.e., survivorship,
abnormalities in tissue structural integrity, polyp number
increment, size change, weight change, and the number of
Artemia consumed per polyp. Using this more comprehensive
health index on the CLD platform, status of living corals can be
more reliably evaluated.

Our data demonstrate that CLD can be useful not only for
studying coral physiology, but also ecotoxicology, to aid coral
conservation. Currently, to identify cellular and molecular
mechanisms underlying symbiotic partnerships between
cnidarians and zooxanthellae, the symbiotic sea anemone
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Exaiptasia diaphana is used as a surrogate model system for
corals because of the ease of rearing and manipulation of
symbiotic algae (Belda-Baillie et al,, 2002; Weis et al., 2008;
Matthews et al., 2016). However, since corals and sea anemones
are assumed to have diverged between 520 to 490 million years ago
(Shinzato et al., 2011), symbiosis in corals and zooxanthellae may be
regulated in a slightly different manner than that in sea anemones.
By using CLD, cellular and molecular mechanisms underlying
establishment, maintenance, and breakdown of symbiosis
(bleaching) between corals and zooxanthellae could be better
studied in the future. Additionally, CLD may also be useful to
identify substances harmful to corals and to study their defense
mechanisms. Chemical pollutants are currently becoming
significant threats to coral reefs, especially in areas with high
population density and tourist activities (van Dam et al., 2011).
The negative impacts of personal care products such as sunscreens,
and agricultural chemicals such as fungicides on corals have been
demonstrated (Markey et al., 2007; Danovaro et al., 2008; Fel et al.,
2019). High-throughput screening using CLD would allow more
efficient identification of substances toxic to corals. Ultimately, data
acquired with CLD will facilitate development of products with no
negative impact on corals.

Seawater pH in the culture dishes decreased from 8.3 to 7.4 after
3 days of culture. Levels of calcium ion and total alkalinity also
significantly decreased. These changes may be due to coral
metabolism, coral-associated bacteria, or coral skeletogenesis in
dishes (Tambutte et al., 1995; Langdon et al., 2010). Previously,
acidified seawater was shown not only affects skeletogenesis, but
also causes loss of the coenosarc (Fine and Tchernov, 2007; Kvitt
et al,, 2015). However, in CLD, microcolonies grow continuously
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Potential application of CLD to ecotoxicological studies. (A) Effects of benzophenone-3 (BP3, a sunscreen substance) on Pocillopora damicornis
microcolonies. The top panel shows the control microcolony (vehicle treated) and the lower panel shows the microcolony treated with 10 ug/mL
BP3 (BP3 treated). The BP3-treated microcolony shows tissue abnormalities such as loss of coenosarc at 24 h of culture and detachment and
mortality at 48 h of culture. Boxed regions indicate the source of the higher magnification views. Arrowheads indicate the loss of coenosarc and
arrows indicate tissue detachment. (B) Abnormality rate of microcolonies at 48 h of culture. (C) Survival rate. Data are expressed as the mean + SE
(n = 3 replicates for each group). (D) Effects of Irgarol 1051 (an organic biocide in marine antifouling paints) on P. damicornis microcolonies. The top
panel shows the control microcolony (vehicle-treated) and the lower panel shows the microcolony treated with 10 pg/mL Irgarol 1051 (Irgarol 1051
treated). The Irgarol 1051-treated microcolony shows distinct bleaching during 14 days of treatment. Boxed region, which shows an expanded polyp,
indicates the source of the higher magnification view. (E—H) Results of Irgarol 1051 treatment for 14 days. Data are expressed as the mean + SE (n =
3 replicates for each group). (E) Change in the color of microcolonies, (F) Maximum quantum yield (Fv/Fm) of zooxanthellae in the control and
Irgarol 1051-treated microcolonies. *P < 0.05. (G) Survival rate. (H) Effects of Irgarol 1051 treatment on the feeding ability of P. damicornis

microcolonies. nd, not detected.

with active skeletogenesis and no loss of coenosarc or subsequent
polyp bailout events. This suggests that microcolonies in CLD are
acclimating to transiently acidified conditions and that this change
in seawater pH in culture does not have a significant impact.
Further investigation of this phenomenon at molecular and
cellular levels will provide insight into the mechanism of
acclimation to changing environmental pH.

The presence of male germ clusters was confirmed by
immunostaining in P. damicornis microcolonies that were
maintained in culture for one month. Although it is unclear at
this stage whether this cluster was already present at the start of the
culture or whether it formed during the culture period, the results
suggest that germ cell survival was maintained for at least one
month on the CLD platform. By optimizing food type, feeding
frequency, light conditions, and culture temperature, it may be
possible to induce coral germ cell proliferation and differentiation in
culture in the future.

When microcolonies prepared from the same colony were
cultured in the CLD platform in an adherent state, tissues of the

Frontiers in Marine Science

12

two microcolonies fused and the boundary became indistinct. On
the other hand, when microcolonies prepared from different
colonies were cultured together in an adherent state, a distinct
border with skeleton was formed between them. Similar
histocompatibility pattern have been reported in previous studies
which mainly used aquarium systems (Jokiel and Bigger, 1994;
Nozawa and Loya, 2005; Puill-Stephan et al., 2012). These results
suggest that the CLD platform can be used to study self-non-self-
recognition mechanisms in corals at the molecular and cellular
levels. By comparing transcriptomic differences between the two
conditions, it will be possible to identify genes participating in self-
and non-self-recognition. Use of microcolonies of different species
in experiments would also allow for studies on molecular
mechanisms of defense and interspecific competition.

We demonstrated that increased numbers of coral polyps are
achievable using newly produced coral polyps in laboratory dishes.
Currently, coral polyps have been cultured for more than 6 months
without noticeable problems, and polyp numbers are continually
increasing. By increasing polyps in vitro and continuing with further
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passages, an experimental strain of corals could be established in the
future. Further understanding fundamental differences in properties
of corals in vitro and those in the wild is important to determine the
potential and limitations of CLD. Multi-omics approaches (Pinu
et al,, 2019) may clarify differences in the future.

A variety of techniques for maintaining and propagating corals in
laboratory dishes was established in this study. However, it is obvious
that methodologies developed are not yet perfect and that required
culture conditions may differ among species. In the future, further
optimization of conditions such as culture temperature, light intensity,
frequency of seawater change, and feeding frequency for each species
will improve coral viability in culture and will accelerate their growth.

In summary, the present study established a platform enabling
long-term culture of stony corals, the keystone organisms of coral
reef ecosystems, in Petri dishes while maintaining their wide range
of biological properties. This highly tractable platform is potentially
applicable to a variety of coral studies ranging from physiology to
ecotoxicology. CLD is expected to greatly accelerate coral research.
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SUPPLEMENTARY FIGURE 1

Representative micrographs of normal and abnormal Pocillopora damicornis
microcolonies. A and B. A normal microcolony. Tentacles are extended, and
no tissue detachment or loss is observed. C and D. An abnormal microcolony.
Tentacles are not extended, and partial tissue loss (arrows) is observed. E and
F. An abnormal microcolony. Tissue detachment (arrows) is observed.

SUPPLEMENTARY FIGURE 2

Long-term culture of Pocillopora damicornis microcolonies in CLD. A and B.
Representative pictures of microcolonies before (Day 0, A) and after (3
months of culture, B) culturing in a laboratory dish. C-l. Results of the
culture for 3 months. Data are expressed as the mean + SE (n = 3
replicates for each group). C. Survival rate. D. Settlement rate. E. Newly
produced polyp number. F. Increased weight. G. Tentacle numbers of
polyps originally present in the microcolonies (original) and that of a newly
produced polyp in vitro. H. Changes in the area covered by microcolonies. I.
Maximum quantum yield (Fv/Fm) of zooxanthellae in microcolonies.

SUPPLEMENTARY FIGURE 3

Culturing microcolonies of other stony coral species using the CLD platform.
Left panel. Representative micrographs of microcolonies of Acropora tumida
(Family Acroporidae), Stylophora pistillata (Family Pocilloporidae), Porites
lobata (Family Poritidae), and Favites pentagona (Family Merulinidae) at O
days of culture. Right panel. Micrographs of the same microcolonies after 2
months of culture. Settlement on the culture dish surface and an increased
number of polyps by asexual reproduction are observed.

SUPPLEMENTARY FIGURE 4

A and B. Brightfield and fluorescence views of a polyp in the bleached
microcolony that received PKH26-labeled zooxanthellae. ten, tentacle; bw,
body wall of the polyp; Arrowhead, PKH26-labeled exogenous
zooxanthellae. C and D. Brightfield and fluorescentce views of a polyp in
the bleached microcolony that received non-labeled zooxanthellae (control).
Photographs were taken at 24 h after infection.
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