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Morphological and Genetic Recovery
of Coral Polyps After Bail-Out
Po-Shun Chuang* , Kota Ishikawa and Satoshi Mitarai

Marine Biophysics Unit, Okinawa Institute of Science and Technology Graduate University, Okinawa, Japan

Contemporary advances in microfluidic and molecular techniques have enabled coral
studies to shift from reef and colony scales to polyp- and molecular-level investigations.
Polyp bail-out provides an alternative approach to acquire solitary polyps for studies at
finer scales. Although induction of polyp bail-out has been reported in several studies,
polyp health after bail-out has not been investigated. In this study, we monitored
morphological and genetic changes in Pocillopora acuta polyps after bail-out induced by
hyperosmosis. In isosmotic conditions, over 80% of bailed-out polyps survived, of which
half regenerated normal polyp morphology within 5 days, including a polarized polyp
body, extended tentacles, and a distinguishable oral disk. In contrast, the remaining
polyps degenerated into tissue ball-like structures that resemble multicellular aggregates
reported in earlier studies. In morphologically recovered polyps, transcriptomic analysis
showed that ∼87% of genes altered during bail-out induction recovered from stress
status, suggesting resumption of metabolism, cell division, and immunity, while in
degenerated polyps, only ∼71% of genes recovered. Quantitative polymerase chain
reaction data further demonstrated that genetic recovery of energy production,
cell proliferation, and immune response was achieved in morphologically recovered
polyps within 3 days after bail-out, but was not fully accomplished in degenerated
polyps even after 5 days. Our findings indicate that solitary polyps generated by
hyperosmosis-induced bail-out can recover rapidly from physiological stress under
laboratory conditions, suggesting that bailed-out polyps could be used as new models
for coral research.

Keywords: polyp bail-out, micropropagation, polyp recovery, genetics, metabolism

INTRODUCTION

Scleractinian corals (Cnidaria: Anthozoa) are the focus of considerable research, due to their
pivotal ecological roles in coral reef ecosystems and their economic significance (Cesar et al., 2003;
Wilkinson, 2008; Osinga et al., 2011). Because coral colonies secrete the structural framework
of coral reefs, early research was conducted mostly on individual colonies or at population and
community scales that consider entire coral reefs as single entities. Since the mid-20th century,
such pioneering work has broadened our knowledge of the influences of many biotic and abiotic
factors on coral survival and reef-building capacity (Buddemeier and Kinzie, 1976; Dennison and
Barnes, 1988; Erez et al., 2011), enabling predictions of changes in reef ecosystems in response to
on-going global climate change.
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In recent decades, advances in microfluidic and molecular
techniques have made it possible for coral research at polyp
scale, the basic building blocks of coral colonies (Bromage
et al., 2009; Shapiro et al., 2016; Luo et al., 2020; Pang
et al., 2020). Individual polyps enable detailed visualization of
cellular and molecular responses in corals, which is typically
constrained at colony scale by the calcareous skeletons. In
addition, studies at the scale of single polyps allow more precise
characterization of biological factors that can vary within a
colony, such as polyp senescence and microbiome composition
in individual polyps. Conventionally, individual coral polyps
are acquired from newly hatched larvae or planulae (Titlyanov
et al., 1998; Schwarz et al., 1999; Hirose et al., 2008). Since
reproduction of most stony corals occurs mainly in summer,
sample acquisition has necessarily been seasonal. Also, like
many animals, scleractinian corals show pronounced ontogenetic
changes during development. Planktonic coral larvae transform
into primary polyps through metamorphosis, which involves
dramatic histological transformations and transcriptomic shifts
(Vandermeulen, 1975; Grasso et al., 2008, 2011). Post-settlement,
establishment of symbiosis, initiation of calcification, and sexual
maturation also alter coral biochemistry and physiology (Reyes-
Bermudez et al., 2009; Inoue et al., 2012; Tanaka et al., 2013).
Biological parameters revealed in juvenile polyps therefore reflect
a transient stage and do not fully represent those of adult corals.

To acquire individual polyps or cells from adult corals,
mechanical or enzymatic treatments are usually applied to extract
coral soft tissues from their calcareous skeletons (Vizel et al.,
2011; Lecointe et al., 2013; Feuillassier et al., 2014). These
methods, however, exert great stress on the corals, from which
a period of weeks is typically required for isolated polyps to
recover. Recently, polyp bail-out, a novel coral stress response,
has captured the attention of coral researchers. Distinct from the
abovementioned methods, polyp bail-out represents an intrinsic
mechanism in some stony corals to disrupt coloniality and
dissociate into isolated polyps in response to environmental
stresses (Sammarco, 1982). To date, a variety of stimuli, such as
insecticides, acidification, and thermal stress, have been shown to
induce polyp bail-out in scleractinian corals (Kvitt et al., 2015;
Fordyce et al., 2017; Wecker et al., 2018). Using hyperosmotic
treatments, previous studies further demonstrated that the bail-
out response in pocilloporid corals can be induced within 24 h
in a predictable manner (Shapiro et al., 2016; Chuang and
Mitarai, 2020; Liu et al., 2020). In contrast to mechanical or
enzymatic separation, isolated polyps from polyp bail-out are
mostly intact in gross morphology and are able to resettle
and resume skeletogenesis within days (Sammarco, 1982; Kvitt
et al., 2015; Shapiro et al., 2016). This stress response therefore
provides an alternative micropropagation method to acquire
adult coral polyps.

Given that calcification is an important index in assessing
ecological functions of corals (De’ath et al., 2009; Carricart-
Ganivet et al., 2012), resumption of skeletogenesis after
resettlement is generally considered a sign of polyp recovery
from bail-out (Sammarco, 1982; Kvitt et al., 2015; Shapiro
et al., 2016). However, detached polyps from bail-out have also
been reported to survive and begin feeding in free-living form,

although such polyps seem to conduct no calcification (Goreau
and Goreau, 1959; Serrano et al., 2018). Appraising the health
of bailed-out polyps thus requires assessment of parameters
other than calcification, such as their metabolism or energy
reserves (Rodrigues and Grottoli, 2007; Lesser, 2013). Recently,
genomic and transcriptomic data of several pocilloporid corals
have been released (Cunning et al., 2018; Wecker et al., 2018;
Chuang and Mitarai, 2020), shedding light on polyp health
determination from a molecular perspective. In this study, we
examined morphological and genetic dynamics in coral polyps
after hyperosmosis-induced polyp bail-out. To our knowledge,
this study is the first to monitor post-bail-out polyp recovery
from both morphological and molecular perspectives. The results
provide a basis for future studies on more specific aspects of
physiology in bailed-out polyps and long-term, for their use as
new models for coral research.

MATERIALS AND METHODS

Coral Sampling and Maintenance
In 2018–2020 we purchased ten Pocillopora acuta corals from
the Onna Village Fishery Cooperative in Okinawa, Japan. Prior
to experiments, all coral colonies were acclimated outdoors for
more than 1 month in flowing, sand-filtered seawater (FSW) at
the OIST Marine Science Section at Seragaki (OMSSS).

Polyp Bail-Out Induction and Polyp
Recovery Setup
In the present study, we induced polyp bail-out in P. acuta
using the hyperosmotic method described in our previous report
(Chuang and Mitarai, 2020). For each P. acuta colony in the
experiment, two coral nubbins (∼1 cm in length) were broken off
with a bone cutter 1 day before the experiment and were placed
separately in two 5-L indoor tanks filled with FSW (33–35h;
one for polyp bail-out induction and one as a control group).
To induce polyp bail-out, high-salinity seawater (prepared at a
salinity 13–15h higher than ambient) was pumped into the bail-
out induction tank at a fixed rate of 4 mL/min. While for the
control group, FSW was slowly supplied (rate not measured)
to establish a semi-closed system, designed to compensate for
evaporation during the experiment. Each tank was equipped
with a 3.4 W slim filter pump to facilitate mixing/circulation
of seawater in the tank. In both tanks, seawater temperature
was controlled at 25◦C (± 0.3◦C) and light was provided at
∼150 µmol photons m-2 s-1 with a 12-h light-dark cycle. After
24–25 h of hyperosmotic treatment, with salinity ∼11h higher
than ambient, polyp bail-out was observed. Detached polyps were
collected with a plastic pipette and transferred immediately to
the control tank, at where they were placed in a glass petri dish
and were allowed to recover for 5 days in isosmotic conditions
(33–35h). As solitary polyps were easily suspended by water
movement and were prone to be captured by the slim filter pump,
an aquarium breeder net (mesh size: 200–300 µm) was set up in
the control tank to host bailed-out polyps and the coral nubbin in
the control group (Figure 1). The same experiment was repeated
in two batches in 2019, with three (first batch; spring season) and
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FIGURE 1 | Experimental setup for polyp recovery after bail-out.

five (second batch; winter season; one individual was included in
both batches) P. acuta colonies, respectively.

Whole Transcriptome RNA Sequencing
Five days after bail-out, we observed two morphotypes
among bailed-out polyps. Some polyps displayed typical
polyp morphological features (recovered polyps) while
others degenerated into globular structures (degenerated
polyps; Figure 2). In the first batch of experiments, we
collected recovered polyps (sample labeled RP_day5; 7–8
polyps/individual coral; N = 3) and healthy coral nubbins
in the control group (HC_day5; N = 3) at day5 post-bail-
out. In the second batch of experiments, most bailed-out
polyps degenerated after 5 days in the control tank. This

might be due to seasonal fluctuation of quality in incoming
seawater, which was supplied as a semi-closed system in the
control tank, or a delay of polyp collection after the bail-out
response, which happened slightly earlier than expected in
the second batch of experiments. We therefore collected only
degenerated polyps (DP_day5; 10 polyps/individual coral;
N = 5) in the second batch of experiments. Sampled coral
tissues were immediately preserved in 1 mL TRIZOL reagent
and RNA was extracted following the process described in our
previous report (Chuang and Mitarai, 2020). RNA samples
with RIN > 7 (RNA integrity number, checked with an
Agilent Bioanalyzer 2100) were used to construct libraries
(strand-specific, polyA-RNA purified). Illumina Novaseq 6000
150 × 150-bp paired-end RNA sequencing was then performed
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FIGURE 2 | Morphological changes of Pocillopora acuta polyps post-bail-out. Residues of coenosarc tissues (arrow) and extruding mesentery filaments (arrowhead)
are observable in some polyps right after bail-out (day0). After recovery for 1 day in isosmotic conditions, polyp bodies become smooth and morphological
differentiation can be seen among bailed-out polyps, with some polyps recovering typical morphological features such as tentacles and oral-aboral polarization (RP),
while other polyps have degenerated into tissue balls (DP).

by the DNA Sequencing Section (SQC) at the Okinawa Institute
of Science and Technology (OIST).

Transcriptomic Data Analysis
To assess genetic recovery from the hyperosmosis-induced
bail-out response, RNA-seq data of healthy P. acuta colonies
(SRR10696827, SRR10708186, and SRR10708226; herein labeled
HC_day0) and bailed-out polyps (SRR10696823, SRR10708182,
and SRR10708229; labeled BP_day0) collected in our previous
study were downloaded from the NCBI GenBank database
to construct a reference of stressed status. Raw RNA-seq
reads sequenced in the present study and those downloaded
from the GenBank database were trimmed with Trimmomatic
v0.36 (Bolger et al., 2014) and quantified using RSEM v1.3.2
(Li and Dewey, 2011) based on the P. acuta transcriptome
assembly constructed in our previous report (GenBank accession:
GIDI00000000). Gene functional annotation was conducted by
searching the SwissProt eukaryotic database (downloaded on 3
Jul 2019), with a criterion of E < 10−5 for a valid BLASTX
match. Annotated transcripts (N = 17,908) were subsequently
subjected to differential gene expression (DE) analysis using
edgeR (Robinson et al., 2010). Considering that experimental
conditions differed between the present study (filtered natural
seawater, 150 µmol photons m-2 s-1) and our previous study
(artificial seawater, 300 µmol photons m-2 s-1), DE analysis was
conducted separately for HC_day0 vs. BP_day0 and for pairwise
comparisons among the three conditions in this study (HC_day5,
RP_day5, and DP_day5), based on the following criteria: false
discovery rate (FDR) < 0.001, absolute change > 2x, and > 5
counts per million (CPM) in at least 3 libraries in a given pairwise
comparison. To identify alteration of cellular functions during
and after the bail-out response, Gene Ontology (GO) enrichment
analysis was conducted using DAVID bioinformatics resources
v6.8 (Huang et al., 2008, 2009), with all annotated transcripts

as a background reference and GOTERM_BP_DIRECT as
analytical output.

Examination of Polyp Recovery
Dynamics
To further examine polyp recovery dynamics, in 2020 we
repeated the experiment on three P. acuta specimens (N = 3;
non-overlapping with the first or second batch) and monitored
dynamics of morphological and genetic changes of coral polyps
after bail-out. At day0 (right after bail-out), day1, day3, and
day5 post-bail-out, morphological changes in bailed-out polyps
were recorded using a stereo microscope (Leica, Germany).
Morphological recovery/degeneration was determined by the
presence of recognizable tentacles and oral-aboral polarization.
Polyp size was measured as the longest axis of the polyp body
using imageJ (Schneider et al., 2012). For genetic analysis, five
nubbins from each colony were employed in the experiment (one
nubbin for bail-out induction and four nubbins in the control
group). At day0, day1, day3, and day5 post-bail-out, bailed-out
polyps and healthy coral nubbins were collected and preserved in
TRIZOL reagent. Since morphological differentiation of bailed-
out polyps was distinguishable 1 day after bail-out, recovered and
degenerated polyps were collected separately at day1, day3, and
day5 post-bail-out.

Quantitative Polymerase Chain Reaction
Analysis of Gene Expression
For samples collected in the recovery dynamics experiments,
RNA was extracted following the same protocol as above
and reverse-transcriptase polymerase chain reaction was
conducted using SuperScript IV VILO Master Mix (Invitrogen,
United States). Ten genes related to energy reserves, cell
proliferation, adhesion, and immunity (Table 1) were selected
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TABLE 1 | Primers and reference transcripts for selected genes in the qPCR array.

Gene Transcript Primer (5′ – > 3′)

Integrin alpha-4 32176_c0_g1_i1 f: cgaactgtctacctaaaggaaaaag

r: cttgcacctcttcataaaaaatgcc

ATP synthase
subunit beta

7021_c0_g1_i1 f: gaaatgagcacagaacaggag

r: cacaccagcaaacacagag

NADH-ubiquinone 6997_c6_g1_i1 f: gcacactctttgaaacagcc
oxidoreductase
75 kDa subunit

r: cacgcatttagccatcgtc

Succinate 21511_c0_g1_i1 f: gtcactccttgcttcacac
dehydrogenase
flavoprotein subunit

r: caataactcccacacactttcc

Proliferation marker
protein Ki-67

51301_c2_g1_i1 f: gacacccgattgctgatac

r: ttgaatccttatatcacacgcc

Proliferating cell
nuclear antigen

12963_c0_g1_i1 f: ccctctcacaaaactcaacc

r: gcacatcctctttcagtgac

DNA replication
licensing factor
Mcm6

37983_c0_g1_i1 f: tccattcctagtcgtccatc

r: agccacacaaacaatatccc

Complement C3 30426_c3_g1_i1 f: acctcggtgatgactttggt

r: gccaacaactttctcgtcgt

Nuclear factor 27043_c0_g1_i2 *f: ccttttgtaccagtgcagtg

NF-kappa-B p105
subunit

*r: tgtcatgaatctgtttagaggc

Toll-like receptor 6 49942_c0_g1_i1 f: ccgtcctcataacatcaaaacc

r: acattagcaagcaagcacc

Tubulin beta chain 36257_c3_g1_i1 *f: gcagttcacggctatgttc

*r: ttttcaccctcctcttcctc

*Primer pairs adopted from Chuang and Mitarai (2020).

from the P. acuta transcriptome assembly as molecular markers
to assess functional recovery in bailed-out polyps using a
quantitative polymerase chain reaction (qPCR) assay. The
β-tubulin gene mentioned in our previous study was adopted
as an internal control gene in this study (Chuang and Mitarai,
2020). For each qPCR reaction, 200 µM of primer pair and
1 µL cDNA (concentration not determined) were prepared in iQ
SYBR Green Supermix (Bio-Rad, United States) to a final volume
of 10 µL. qPCR was performed on a StepOnePlus Real-Time
PCR system (Thermo Fisher Scientific, United States) under the
conditions: 3 min at 95◦C, 40 cycles of 15 s at 95◦C, and 30 s
at 60◦C. Each qPCR reaction was performed in two technical
replicates, of which the averaged cycle threshold (CT) value was
employed to estimate the relative expression of a given target
gene to the internal control gene (1CT = CTcontrol gene –
CTtarget gene). Statistical significance between gene expression
in bailed-out polyps (recovered or degenerated) and that in
healthy corals at each time point was tested using a paired sample
t-test.

RESULTS

Survival and Morphological Changes of
Polyps After Bail-Out
In the present study we monitored morphological changes
of P. acuta polyps after hyperosmosis-induced bail-out. Right

after bail-out, morphological vestiges of the bail-out response
could be observed in detached polyps, including rough
aboral surfaces, protruding mesentery filaments, and in some
polyps, residues of coenosarc tissues (day0; Figure 2). These
morphological abnormalities mostly vanished after 1 day
in isosmotic conditions, resulting in isolated polyps with
smooth polyp bodies (day1; Figure 2). Differentiation of polyp
morphotypes could be seen at this stage, with some polyps
having typical polyp features such as tentacles and oral-aboral
polarization, while others degenerated into spheres of tissue.
The morphological divergence became more distinguishable after
3 days in isosmotic conditions (day3; Figure 2) and some degree
of tentacle extension was observable in recovered polyps at day5
post-bail-out (day5; Figure 2). During the whole experimental
period, bailed-out polyps tended to sink in seawater, but floated
slightly above the bottoms of their glass petri dishes, with no signs
of resettlement or calcification in either recovered or degenerated
polyps. Zooxanthellae were retained in polyps throughout the
experimental period and in some bailed-out polyps, cytoplasmic
streaming-like zooxanthella movement was observed in polyp
bodies during the period from day1 to day5 post-bail-out
(Supplementary Video 1). In total, ∼84% of polyps survived
5 days after bail-out, among which 52% recovered normal polyp
morphology and 48% degenerated. Compared to polyp sizes at
day0 post-bail-out, recovered polyps showed a conspicuous size
decrease at day1 post-bail-out (∼19%) and remained relatively
stable afterward, with a roughly 24% decrease in mean size by
day5 post-bail-out. In contrast, degenerated polyps decreased in
size about 45% by day5 post-bail-out (Figure 3 and Table 2).

Transcriptomic Changes in Polyps at
Day5 Post-Bail-Out
Between healthy corals (HC_day0) and bailed-out polyps
(BP_day0) sequenced in our previous study (Chuang and
Mitarai, 2020), significant expression changes were identified
in 2,324 functionally annotated transcripts. For transcriptomes
constructed in this study, 1,398 and 2,077 differentially expressed
genes (DEG) were identified in recovered polyps (RP_day5)
and degenerated polyps (DP_day5), compared to healthy corals
collected at day5 post-bail-out (HC_day5), respectively. While
for the comparison between RP_day5 and DP_day5, 552 DEGs
were identified (numbers of DEGs in pairwise comparisons
are summarized in Table 3). To examine molecular recovery
of P. acuta polyps from bail-out, DEGs identified in the
comparison BP_day0 vs. HC_day0 were cross-referenced to those
identified in RP_day5 vs. HC_day5 and those in DP_day5 vs.
HC_day5. In RP_day5, 1,063 bail-out-activated and 954 bail-
out-suppressed DEGs showed recovery from bail-out (recovered
DEGs), while 143 and 164 DEGs remained up-regulated and
down-regulated, compared to HC_day5, respectively (non-
recovered DEGs; Figure 4). GO enrichment analysis showed
that recovered DEGs in RP_day5 overrepresented for biological
processes related to metabolism, apoptosis, cell division, immune
system, and intracellular signal transduction (Figure 4). Among
non-recovered DEGs in RP_day5, cell adhesion, collagen
fibril organization, and multicellular organism development
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FIGURE 3 | Size reduction of bailed-out polyps. Bailed-out polyps of different morphotypes (recovered or degenerated) are displayed for day1, day3, and day5
post-bail-out.

were overrepresented (Figure 4). In DP_day5, 840 bail-out-
activated DEGs and 816 bail-out-suppressed DEGs showed
recovery from stressed status, while 366 and 302 DEGs
stayed up-regulated and down-regulated, compared to HC_day5,
respectively (Figure 5). GO analysis of recovered DEGs in
DP_day5 showed significant enrichment in biological processes
related to metabolism, DNA repair, immune system, and
intracellular signal transduction. For non-recovered DEGs
in DP_day5, GO terms such as cell adhesion, multicellular
organism development, proteolysis, cell differentiation, and those
related to epithelium or skeleton development were significantly
overrepresented (Figure 5). For DEGs in the comparison
RP_day5 vs. DP_day5, significant GO enrichment was identified
in translation, cell cycle, DNA replication, cell differentiation, and
Notch signaling pathway (Figure 6).

Post-Bail-Out Genetic Dynamics
To further examine dynamics of genetic changes in bailed-out
polyps, we checked expression profiles of ten genes related to
metabolism, cell proliferation, immunity, and cell adhesion
during the experimental period using a qPCR assay. Compared

TABLE 2 | Numbers and sizes (presented as means ± standard deviations) of
polyps with recovered (RP) or degenerate morphology (DP) post-bail-out.

Number of polyps Polyp size (µ m)

Total RP DP Total RP DP

Day0 74 N/A N/A 794.9 ± 111.3 N/A N/A

Day1 74 37 37 596.1 ± 88.0 640.9 ± 68.3 551.2 ± 83.2

Day3 71 35 36 560.4 ± 121.7 640.2 ± 80.9 482.8 ± 103.6

Day5 62 32 30 525.4 ± 116.9 606.2 ± 77.3 439.1 ± 86.4

to healthy corals, polyps right after bail-out showed significant
expression changes in all selected genes except gene for
complement C3 (p < 0.075; Figure 7). For ATP synthase,
NADH-ubiquinone oxidoreductase, succinate dehydrogenase
flavoprotein subunit, proliferation marker protein Ki-67,
proliferating cell nuclear antigen, and DNA replication licensing
factor Mcm6 genes, recovered polyps showed expression
recovery to the levels of healthy corals within 3 to 5 days after
bail-out. In contrast, in degenerated polyps, expression of these
genes remained significantly suppressed during the experimental
period except for day3 post-bail-out, at which great variation
resulted in statistical insignificance. For toll-like receptor 6
and nuclear factor NF-kappa-B p105 subunit genes, expression
recovery from bail-out-induced overexpression was seen in both
polyp morphotypes 1 day after bail-out, with the former gene
gradually returning to the expression level of healthy corals
within 3 days post-bail-out, while the latter remained slightly
under-expressed throughout the experiment. For complement
C3 in both polyp morphotypes, significant upregulation was only
seen at day1 post-bail-out, after which expression returned to the
level of healthy corals. In contrast to all the above-mentioned
genes, the integrin alpha-4 subunit gene showed expression

TABLE 3 | Numbers of differentially expressed genes in pairwise comparisons.

HC_day0 BP_day0 RP_day5 DP_day5 HC_day5

HC_day0 0 2,324

BP_day0 2,324 0

RP_day5 0 552 1,398

DP_day5 552 0 2,077

HC_day5 1,398 2,077 0
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FIGURE 4 | Recovery of bail-out-induced genetic changes in recovered polyps at day5 post-bail-out. Numbers of differentially expressed genes (DEGs) up- or
down-regulated during polyp bail-out and significantly overrepresented gene ontology (GO) categories (p < 0.005) are displayed. The number of unique genes in
each GO category is indicated.

recovery at day1 post-bail-out. However, at day3 and day5
post-bail-out, the integrin alpha-4 gene was re-up-regulated
in both recovered and degenerated polyps, compared to its
expression level in healthy corals.

DISCUSSION

Recovery of Coral Polyps After Bail-Out
Polyp bail-out has been proposed as a micropropagation method
for some scleractinian corals (Shapiro et al., 2016; Liu et al., 2020).
However, the health status of polyps after bail-out has rarely been
examined. In the present study, we monitored morphological and
genetic changes of P. acuta polyps after hyperosmosis-induced
bail-out. Among bailed-out polyps collected in this study, about
43% regenerated clearly distinguishable morphological features,
such as tentacles and body polarity. Survival and morphological
recovery of bailed-out polyps is possibly determined by a suite of
extrinsic and intrinsic factors, such as the initial health condition
of a coral colony, the rapidity of polyp escape from stressful
environments, and seawater quality in recovery environments,
as suggested in previous studies (Shapiro et al., 2016; Pang
et al., 2020). Deviations of these factors from their optima
may significantly impair polyp survival and recovery, which
likely contributed to the low polyp recovery rate in our second
batch of experiments, as well as in some of our preliminary

experiments (0%; data not shown). Although in the present
study, experiments were conducted only until 5 days post-
bail-out, recovered polyps survived for over 2 weeks in our
preliminary experiments, without strict monitoring of recovery
conditions (data not shown). This lifespan is comparable to those
reported in previous studies applying microfluidic techniques for
post-bail-out polyp cultivation, in which recommencement of
skeletogenesis was even observed (Shapiro et al., 2016; Luo et al.,
2020; Pang et al., 2020). Based on morphological observations
and computational modeling, Pang et al. (2020) suggested that
continuous supply of DO (dissolved oxygen) and DIC (dissolved
inorganic carbon) is essential for long-term cultivation of isolated
polyps. Longer survival is thus expected for recovered polyps
acquired using the method described in this study, if better
control of seawater chemistry is maintained.

In other cnidarian models, tentacle morphogenesis has
been demonstrated, mediated by a common mechanism that
underlies proliferation of progenitor cells around the oral
pole and subsequent migration toward developing tentacles
(Fritz et al., 2013; Fujita et al., 2019). Consistent with this
developmental pattern, our results suggest resumption of
cell proliferation in recovered polyps within 3 days post-
bail-out, a time span coincident with observed tentacle
regeneration. This morphological regeneration implies
recovery of heterotrophy in detached polyps after bail-out.
Indeed, it has been reported that detached coral polyps
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FIGURE 5 | Recovery of bail-out-induced genetic changes in degenerated polyps at day5 post-bail-out. Numbers of differentially expressed genes (DEGs) up- or
down-regulated during polyp bail-out and significantly overrepresented gene ontology (GO) categories (p < 0.005) are displayed. The number of unique genes in
each GO category is indicated.

can feed normally in the free-living stage and can survive
for weeks (Goreau and Goreau, 1959). In bleached corals,
heterotrophy has been proposed to supply up to 150% of coral
metabolic demands and is attributable to the survival and
recovery of coral animals after bleaching (Grottoli et al., 2006;
Houlbrèque and Ferrier-Pagès, 2009; Levas et al., 2016). Given
that bailed-out polyps sink in seawater (either hypersaline
or of ambient salinity), rapid resumption of heterotrophy
might help polyps to survive in deeper environments, where
photosynthesis is compromised. However, since well-regenerated
tentacles and oral disks were observed only at later stages of
our experimental period, heterotrophy is believed to have
contributed little to survival of bailed-out polyps in this
study. Estimating the significance of heterotrophy relative
to the energy budget of bailed-out polyps, especially at
longer time scales, would be a fruitful area of research and
should better illustrate the ecological role of polyp bail-out in
scleractinian corals.

In addition to resumption of heterotrophy, bailed-out polyps
retained symbiotic zooxanthellae throughout the experimental
period, suggesting preservation of photosynthetic ability in
coral polyps after bail-out. Interestingly, in some bailed-out
polyps, we observed cytoplasmic streaming-like movement
of zooxanthellae within polyp bodies during their recovery.
Coincident with this observation, the complement C3-encoding

gene in our qPCR assay showed significant upregulation in
bailed-out polyps at day1 post-bail-out and gradually returned
to the expression level of healthy corals thereafter. In other
cnidarian models, the complement system has been thought to
function in establishment and maintenance of host-dinoflagellate
symbiosis (Kvennefors et al., 2010; van de Water et al., 2015;
Poole et al., 2016). Fluctuating expression of the complement
system therefore implies alteration of the endosymbiotic status
between Symbiodinium and host coral cells in bailed-out polyps.
Given that complete resumption of metabolism in bailed-out
polyps takes a few days, as suggested by our qPCR results,
disruption of endosymbiosis probably enables coral cells to avoid
overloading with photosynthates as well as related byproducts
during the metabolic readjustment period. Retention of de-
partnered zooxanthellae within the polyp body likely builds up
a dinoflagellate pool in proximity to coral cells, which enables
rapid reestablishment of symbiont populations, as well as a
photosynthetic energy supply chain in bailed-out polyps, once
their metabolism resumes. It has been generally acknowledged
that photosynthates from Symbiodinium afford the majority of
daily carbon requirements in host coral animals (Muscatine
and Porter, 1977; Muscatine et al., 1981; Lesser et al., 2000).
Securing this main energy source, therefore, may be credited
for the rapid recovery of bailed-out polyps observed in this
study, which is remarkably shorter than that for bleaching
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FIGURE 6 | Gene differential expression (DE) analysis of recovered and degenerated polyps at day5 post-bail-out. Numbers of differentially expressed genes (DEGs)
overexpressed in each polyp morphotype are displayed. Selected biological processes significantly overrepresented (p < 0.005) in gene ontology (GO) enrichment
analysis and the number of unique genes in each GO category are indicated.

recovery (Toller et al., 2001; Nakamura et al., 2003; Thomas
and Palumbi, 2017). Together, our results show that coral
polyps can rebuild their energy reserves and resume fundamental
biological functions rapidly after hyperosmosis-induced bail-out.
Considering that resettlement and skeletogenesis can ensue after
polyp bail-out (Sammarco, 1982; Shapiro et al., 2016; Liu et al.,
2020), this coral micropropagation method enables acquisition
of live, healthy coral polyps, facilitating subsequent applications,
such as coral culturing and in vivo coral physiological and
molecular studies.

Alteration of Notch Signaling Leads to
Cell De-Differentiation in Degenerated
Polyps
While in the present study 43% of bailed-out polyps showed
morphological regeneration, 41% degenerated instead, yielding
polyps morphologically similar to the “tissue balls” reported in
Lecointe et al. (2013). Based on histological evidence, Lecointe
et al. (2013) suggested involvement of tissue reorganization
and possible arrest of cell division in the formation of tissue
balls. Consistent with these findings, our genetic data showed
sustained alteration of cell differentiation, skin development, and
incomplete recovery of cell proliferation in degenerated polyps.
Furthermore, when compared to recovered polyps, degenerated
polyps showed suppression of several fundamental cellular
functions, including translation, DNA replication, and cell cycle.
This morphological transformation therefore may represent a

dormant stage that allows corals to survive stressful events by
reducing energy demands. Interestingly, the Notch signaling
pathway was significantly down-regulated in degenerated polyps.
In vertebrate models, Notch signaling functions in neural cell
de-differentiation (Mirsky et al., 2008; Jopling et al., 2011) as
well as in trans-differentiation of various cell types (Sawey
et al., 2007; He et al., 2014; Vega et al., 2014). With its
evolutionary conservation in metazoans (Bi et al., 2016), it can
therefore be hypothesized that the Notch signaling pathway
helps to determine polyp fates after bail-out: regeneration
or degeneration.

Post-Bail-Out Genetic Dynamics Shed
Light on Induction of Polyp Resettlement
Resettlement of bailed-out polyps was proposed as a sequential
process consisting of: (1) initial attachment of polyps to suitable
substrates, (2) flattening of polyp bodies while strengthening
connections between polyps and substrates, and (3) re-
commencement of skeletogenesis (Shapiro et al., 2016). In
the present study, expression changes of several cell adhesion
genes were identified in polyps both during bail-out induction
and after 5 days of recovery, which may reflect the isolated
nature of bailed-out polyps. Interestingly, our qPCR analysis
showed that an integrin α4 gene, up-regulated during polyp
bail-out induction, recovered to levels typical of healthy
corals after 1 day in isosmotic conditions, but was then
up-regulated again at day3 and day5 post-bail-out. Integrins

Frontiers in Marine Science | www.frontiersin.org 9 March 2021 | Volume 8 | Article 609287

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-609287 March 19, 2021 Time: 12:33 # 10

Chuang et al. Polyp Recovery After Bail-Out

FIGURE 7 | Post-bail-out expression dynamics of ten selected genes. Gene expression is normalized to an internal control gene (Tubulin beta chain) and to mean
expression levels of healthy corals at each given time point. Statistical differences between bailed-out polyps and healthy corals at each time point were examined
using paired t-tests. Groups showing significant differences compared to healthy corals are indicated (*p < 0.075; **p < 0.01). Gene name abbreviations: ATPB, ATP
synthase subunit beta; SDHA, Succinate dehydrogenase flavoprotein subunit; NDUS1, NADH-ubiquinone oxidoreductase 75 kDa subunit; KI67, Proliferation marker
protein Ki-67; PCNA, Proliferating cell nuclear antigen; MCM6, DNA replication licensing factor Mcm6; TLR6, Toll-like receptor 6; NFKB1, Nuclear factor NF-kappa-B
p105 subunit; CO3, Complement C3; and ITA4, Integrin alpha-4.

α4β1 (VLA-4) and α4β7 are cell surface receptors that
recognize the extracellular matrix glycoprotein fibronectin
(Mould et al., 1990; Postigo et al., 1993), which reportedly
facilitates attachment of coral polyps to substrates (Domart-
Coulon et al., 2004; Puverel et al., 2005). Thus, re-upregulation
of α4 integrins seen in our experiments may represent
molecular preparation for “programmed” resettlement. The
“sinking” nature of bailed-out polyps in this scenario can

then be considered as a behavioral adaptation that facilitates
searching for suitable resettlement sites. Nevertheless, no
resettlement was seen in the present study, either in recovered
or degenerated polyps. Future studies on the inducibility of
polyp resettlement are expected to illuminate the ecological
significance of polyp bail-out in shaping coral distributions,
with an eye to using polyp bail-out for coral propagation
and restoration.
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