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Summary Ultrastructural changes in the coral tissues and symbiotic zooxanthellae of the scleractinian coral, 
Pocillopora damicornis, after exposure to high temperature (HT), ultraviolet (UV) and far-red (FR) radiation 
were examined by transmission electron microscopy. In normal environmental conditions, the coral gastrodermis 
contained zero to two zooxanthellae and maintained well-defined cortical and intracellular structures. When cor-
als were exposed to HT, UV and FR, the gastrodermal features changed remarkably depending on the duration of 
exposure. Treatment with HT for 15 min or exposure to UV and FR for 6 h induced the appearance of numerous, 
small, electron-dense granules in the gastrodermis. Autophagosomes and lysosomes in the gastrodermal cells also 
increased in number. The gastrodermal cells containing no zooxanthellae began to degrade and became vacuolat-
ed through the destruction and fragmentation of their cytoplasmic contents. Prolonged exposure to these stressors 
brought about the disintegration of the cells without zooxanthellae and led to the collapse of the gastrodermis. 
This resulted in the release of the other gastrodermal cells containing zooxanthellae from the gastrodermis to gas-
trovascular cavities. HT, UV and FR affected the gastrodermal cells without zooxanthellae more severely than the 
zooxanthellae themselves, although the thylakoids of the zooxanthellae were often destroyed when the coral was 
exposed to UV and FR. These results suggest that the coral receives the distinct stressors, HT, UV and FR, but 
has a common mechanism that promotes autolysis activities in the gastrodermis and discharges cells containing 
zooxanthellae.
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Reef-building corals contain large populations of sym-
biotic dinoflagellate algae of the genus Symbiodinium, 
commonly referred to as zooxanthellae, and are fragile 
marine organisms which are vulnerable to natural dis-
turbances (Birkeland 1997). Coccoid zooxanthellae in 
situ are located within the cells of the host gastrodermis 
(Trench 1993), and are bound by a membrane complex 
consisting of a series of membranes of algal origin and 
an outermost host-derived membrane. This entire entity 
is referred to as the symbiosome (Wakefield et al. 2000).

The loss of symbiotic algae from coral host tissues, 
which eventually leads to indiscriminate coral bleach-
ing, is driven by various stress factors such as an in-
crease in temperature and irradiance level, lowered 
pH, and salinity changes (Goreau 1964, Glynn 1993, 
Hoegh-Guldberg 1999, Fitt et al. 2001, Anthony et al. 
2008, Delgadillo-Nuño et al. 2014). High temperature 
conditions damage various intracellular components of 
zooxanthellae (Brown 1997, Hoegh-Guldberg 1999), 
and the effects of high temperature are promoted syn-
ergistically by intense light (Weis 2008). Chloroplasts 

are one organelle that is remarkably affected by these 
stresses (Downs et al. 2002, Weis et al. 2008). When 
corals are exposed to high temperature or intense light 
irradiance, stress-induced products with oxidative activi-
ties can be formed in the chloroplasts of zooxanthellae 
and may trigger the expulsion of zooxanthellae from the 
coral host (Lesser 1997, Nii and Muscatine 1997, Downs 
et al. 2002, 2009, 2013, Franklin et al. 2004, Lesser and 
Farrell 2004, Smith et al. 2005). However, the mecha-
nisms by which coral bleaching occurs in tissues and 
at the cellular level remain unclear (Downs et al. 2002, 
Weis et al. 2008). In addition, high irradiance to red 
light (Kinzie III et al. 1984, Kinzie III and Hunter 1987, 
Wijgerde et al. 2014) and exposure to ultraviolet ra-
diation (Lesser and Shick 1990, Gleason and Wellington 
1993, Shick et al. 1996) significantly decrease both coral 
growth and zooxanthellae density. It had been poorly un-
derstood how these stressors induce coral degradation, 
especially in the early stage of exposure.

The loss of symbiotic algae is associated with cellular 
degradation. Cell necrosis is known to be a consider-
able deleterious stress response of corals and causes 
the widespread detachment and rupturing of many 
cells throughout coral tissues (Dunn et al. 2000). Coral 
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necrosis involves autolysis, where digestive enzymes 
may be produced to degrade cells (Müller et al. 1984). 
It has been reported that the degradation of host cells 
is caused by autophagy, which plays a role in digesting 
the engulfed cytoplasmic constituents and other materi-
als (Dunn et al. 2007, Dunn and Weis 2009, Hanes and 
Kempf 2013). Other factors that bring about host cell 
degradation include programmed cell death (PCD), or 
apoptosis (Dunn et al. 2000, 2002, Dunn and Weis 2009, 
David et al. 2005, Paxton et al. 2013), pathogenic bacte-
ria (Ben-Haim et al. 2003), or viral infection (Lohr et al. 
2007). It is unknown if these distinct factors mutually 
influence coral host cells or how various environmental 
stresses promote digestive activities in coral cells (Fitt 
et al. 2001, Downs et al. 2009).

In this study, the hermatypic coral Pocillopora 
damicornis (Linnaeus) was experimentally exposed to 
three distinct stressors: high temperature (HT), ultra-
violet (UV) and far-red (FR) radiation. We examined the 
changes in the ultrastructure of the host cells and symbi-
otic zooxanthellae under these stress conditions.

Materials and methods

Colonies of P. damicornis were collected from shal-
low water (1–3 m in depth) off the Yokonami Peninsula 
facing Tosa Bay, Susaki City, Kochi Prefecture in Japan, 
from June to October 2014. After collection, they were 
then transported to Kochi University in Kochi City 1 h 
by car. Apical segments 2–3 cm in length were excised 
from the colony branches, transferred to Petri dishes 
containing approximately 50 mL of filtered natural sea-
water and placed under ambient light and room tem-
perature at 25 to 27°C before use. Colonies of these seg-
ments relaxed with extending tentacles two to three days 
after collection and lived normally for at least a month 
under these conditions. These coral segments were pre-
cultured for a week before experiments in Petri dishes 
containing filtered seawater at 25°C under long-day con-
ditions (14 h light : 10 h dark cycle) created by cool white 
fluorescent lamps with an intensity of 10–20 µmol pho-
tons m-2 s-1.

For HT treatments, Petri dishes in which live coral 
segments were maintained in filtered seawater were 
soaked in a water bath maintained at 32°C by a heater 
(Thermo-mate BF-21; Yamato Scientific Co., Ltd., To-
kyo, Japan). Samples were treated with HT at 32°C for 
15, 30, 60 and 120 min and then fixed. For UV and FR 
treatments, LED light units (IS-mini series; CCS Inc., 
Tokyo, Japan) were used. Samples in Petri dishes con-
taining filtered seawater were exposed to UV-A with a 
peak wavelength of 405 nm at an intensity of 4.5 W m–2 
for 6, 12, 30 and 48 h and then fixed. Similarly, samples 
were exposed to FR with a peak wavelength of 735 nm at 
2.0 W m–2 for 6, 12, 30 and 48 h and then fixed. The con-
trol treatment was maintained under the original ambi-

ent light and temperature. These samples were observed 
under a dissecting microscope (SZX7; Olympus Optical 
Co., Ltd., Tokyo, Japan) with a digital camera (Coolpix 
P6000; Nikon Co., Ltd., Tokyo, Japan) at intervals of 
10 min or 3 h.

Some control samples were fixed chemically by the 
same procedures as samples exposed to HT, UV and 
FR (see below). The others were fixed using freeze-
substitution methods. To avoid the retraction of polyps, 
colonies were anesthetized by adding MgCl2 solution to 
the seawater medium (Janes 2008). Polyps were excised 
by dissecting scissors and then rapidly frozen in a high-
pressure freezer (HPM100; Leica Microsystems, Wetz-
lar, Germany). The frozen specimens were transferred to 
acetone containing 1% osmium tetroxide at -80°C and 
stored in a deep freezer at -80°C for 72 h. Subsequently, 
samples were placed in -20°C for 24 h, held at 4°C over-
night and then warmed to room temperature. They were 
rinsed with dry acetone five times, fragmented into 
small pieces using a fine razor, infiltrated with a mixture 
of dry acetone and Spurr’s resin, and finally embedded in 
Spurr’s resin.

Since colony tentacles retracted immediately after 
they were exposed to HT, UV and FR, it was difficult to 
fix them by freeze-substitution procedures. Therefore, 
chemical fixation was adopted for the samples exposed 
to these stressors. Whole colony segments were im-
mersed in a fixative containing 4% paraformaldehyde, 
2% glutaraldehyde and 0.1 M sucrose dissolved in 0.1 M 
phosphate buffer (pH 7.2) for 2 h at room temperature 
and stored for 48 h at 5°C. Fixed colonies were decalci-
fied in 5% ethylenediamine-N,N,N′,N′-tetraacetic acid 
(pH 7.2) containing 0.2 M sucrose (Kurahashi 1965) for 
four to five days. Decalcified colony samples were rinsed 
with 0.1 M phosphate buffer containing 0.1 M sucrose 
five times, cut into several pieces with a fine razor and 
then post-fixed in 0.1 M phosphate buffer (pH 7.2) con-
taining 1% KMnO4 and 0.1 M sucrose for 30 min at 5°C. 
Post-fixed specimens were rinsed with the buffer, dehy-
drated in an acetone series for 2.5 h and embedded in 
Spurr’s resin. Thin sections were made using a diamond 
knife on a Leica Utracut UCT ultramicrotome (Leica 
Microsystems) and stained with 1% uranyl acetate fol-
lowed by lead citrate. They were then examined with a 
JEOL JEM-1400 electron microscope (JEOL Co., Ltd., 
Tokyo, Japan).

The number of autophagosomes and lysosomes found 
in the gastrodermal cells were counted on thin sections. 
At least 100 sectioned cells of gastrodermis were ob-
served and examined for how many autophagosomes and 
lysosomes were situated in the individual cells for both 
the control treatment and the samples that were exposed 
to HT, UV and FR for each different exposure interval.
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Results

Control
Coral tissues in the control treatment showed a body 

pattern typical of diploblastic organisms and consisted 
of two layers, the epidermis and gastrodermis, intercon-
nected by an acellular matrix mesoglea (Fig. 1a). Some 
cells of the gastrodermis harbored one to two symbiotic 
zooxanthellae, whereas the others contained no zooxan-
thellae. Each symbiotic zooxanthella had peripheral 
chloroplasts with a pyrenoid, a mesokaryotic nucleus 
and other organelles (Fig. 1b). The cortical region of the 
cell was composed of the outermost plasma membrane 
and a layer of flattened amphiesmal vesicles with under-
lying cortical microtubules (Fig. 1c). The entire sym-
biotic zooxanthella cell was enclosed by a symbiosome 
membrane in the host gastrodermal cell. There were 
stacks of membranous fragments between the plasma 
membrane of the zooxanthella and the symbiosome 
membrane. In some gastrodermal cells, small, dark-
stained lysosomes and another type of membrane struc-
ture were observed (Fig. 1d). The latter was initially a 
cup-shaped double-membrane sac, which later expanded 
in size, and its open end eventually closed to form a dou-
ble-membrane vesicle. This is referred to as an autopha-
gosome in this study. Autophagosomes contained several 
distinct inclusions (Fig. 1d). The average densities of 

lysosomes and autophagosomes observed on a sectioned 
gastrodermal cell were 1.55 and 0.66, respectively.

Effect of HT
When corals were exposed to HT for 15 min, several 

electron-dense granules appeared in the cytoplasm of the 
cells without zooxanthellae (Fig. 2a). These dense gran-
ules were regarded as lysosomes. The average number of 
autophagosomes contained in a sectioned gastrodermal 
cell was 2.3 for that exposure interval. Exposure to HT 
for 30–60 min caused severe vacuolization of the cells 
without zooxanthellae, followed by the dispersal of their 
cellular contents (Fig. 2b). This disintegrated the gas-
trodermis, and thus the cells containing zooxanthellae 
detached from the gastrodermis and were released into 
gastrovascular cavities (Fig. 2c). Under the dissecting 
microscope, particles of zooxanthellae in situ began to 
wiggle within the coral tissues and were suspended in 
gastrovascular cavities 90 min and 2 h after the initial 
HT exposure, respectively (data not shown).

Effect of UV
After corals were exposed to UV for 6 h, autopha-

gosomes increased in size and number and contained 
distinct inclusions (Fig. 2d). The average number of au-
tophagosomes per sectioned gastrodermal cells was 1.6 
and 2.7 after exposure to UV for 12 and 48 h, respective-

Fig. 1. Electron micrographs of Pocillopora damicornis in control. Samples were made through chemical fixation (a) and freeze-
substitution (b–d). a. Longitudinal section of a tentacle showing the two layers of epidermis (epi) and gastrodermis (gast) 
interconnected by the mesoglea (meso). gc, gastrovascular cavity. b. Symbiotic zooxanthella occupying the large space of 
a gastrodermal host cell. nu, nucleus; py, pyrenoid; ab, accumulation body; ch, chloroplast. c. Cortical structure of a sym-
biotic zooxanthella. av, amphiesmal vesicle; zpm, the plasma membrane of the zooxanthella; mf, membranous fragments; 
sm, symbiosome membrane; cpm, the plasma membrane of the coral host cell. d. Autophagosome (au) and lysosomes (ly) 
found in the gastrodermis. Arrows showing cup-shaped double membrane sacs.
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ly. The cells without zooxanthellae became vacuolated 
and disconnected from the adjacent cells 12 h after the 
initial UV exposure (Fig. 2e). Such disorganization of 
the gastrodermis led the cells containing zooxanthel-
lae to detach from the gastrodermis after exposure to 
UV for 30 h and 48 h. Under in situ observation by light 
microscopy, zooxanthella particles wiggled in the coral 
coenenchyme and floated in gastrovascular cavities 12 
and 30 h after the initial UV exposure, respectively (data 
not shown). Degradation of intracellular components oc-
curred not only in the gastrodermis, but also in symbiot-
ic zooxanthellae (Fig. 2f). The cytoplasm of zooxanthel-
lae was vacuolated in places, and the chloroplasts were 
often destroyed completely, leaving dark amorphous 
materials.

Effect of FR
When corals were exposed to FR for 6 h, a number 

of small lysosomes appeared in the cytoplasm of the 
gastrodermal cells (Fig. 2g). The average number of au-

tophagosomes per sectioned gastrodermal cell became 
1.5 and 2.6 after exposure to FR for 12 and 48 h, respec-
tively. The cells without zooxanthellae became amor-
phous and began to degenerate. Such degenerated cells 
increased in number concomitantly with an increase in 
the duration of FR exposure. Exposure to FR for 12 h in-
duced the wiggling movement of zooxanthella particles 
in situ (data not shown). When zooxanthella particles in 
situ were expelled from the coenenchyme and floated in 
gastrovascular cavities 30 and 48 h after the initial FR 
exposure, we observed via electron microscopy that the 
cells containing zooxanthellae were detached from the 
gastrodermis (Fig. 2h). Exposure to FR also affected 
the structure of symbiotic zooxanthellae, including the 
disruption of the zooxanthella cytoplasmic contents and 
thylakoid membranes of the chloroplasts (Fig. 2i).

Discussion

Through the use of transmission electron micros-

Fig. 2. Electron micrographs of Pocillopora damicornis exposed to HT (a–c), UV (d–f) and FR (g–i). a. Electron dense granules 
and vacuolated areas (asterisks) in gastrodermal cells without zooxanthellae after exposure to HT for 15 min. b. Cells 
without zooxanthellae that were vacuolated and almost lost their cytoplasm (asterisks) after exposure to HT for 1 h. gc, 
gastrvascular cavity. c. Gastrodermal cells with zooxanthellae released from gastrodermis to gastrovascular cavity (gc). 
d. Autophagosomes (au) and lysosomes (ly) in gastrodermal cells without zooxanthellae after exposure to UV for 6 h. e. 
Degenerating cells without zooxanthellae showing the occurrence of vacuolated areas (asterisks) after exposure to UV 
for 12 h. f. A zooxanthella whose cytoplasmic components were destroyed after exposure to UV for 12 h. ch, chloroplast. 
g. Many lysosomes distributed in cells without zooxanthellae after exposure to FR for 6 h. h. Cells with zooxanthellae 
just before detaching from the gastrodermis after exposure to FR for 30 h. i. A degenerated zooxanthella after exposure 
to FR for 30 h. ch, chloroplast.
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copy, this study has demonstrated that in the coral P. 
damicornis, exposure to HT, UV and FR destroys the 
organization of the coral gastrodermis. Early ultrastruc-
tural changes were noticed in the gastrodermal cells 
without symbiotic zooxanthellae after the initial expo-
sure to these stressors. The number of lysosomes and 
autophagosomes increased in the cells. Longer exposure 
to the stressors led to the vacuolation and fragmenta-
tion of the cytoplasm, resulting in the breakdown of the 
cells. Patterns of cellular degradation occurring in the 
gastrodermal cells when the coral was exposed to these 
stressors may be characterized as necrosis. Dunn et al. 
(2000, 2002) have reported that autolytic digestion of cy-
toplasm in coral host cells occurs through necrosis under 
stressful conditions. In addition to necrosis, it has been 
reported that autophagic activities degrade coral host 
cells in response to stress conditions (Hanes and Kempf 
2013). The degradation of host cells is triggered by the 
appearance of autophagosomes or autophagolysosomes 
(Hanes and Kempf 2013), where cytoplasmic compo-
nents are engulfed and digested by autophagosomes 
(Shibutani and Yoshimori 2014). These reports suggest 
that the vacuolation and fragmentation of the gastroder-
mal cells of P. damicornis under stress conditions are 
due to necrosis and autophagy. This study showed that 
in even control conditions without any stresses, gastro-
dermal cells had autophagosomes in P. damicornis. In 
this case, autophagosomes seemed to selectively degrade 
cytoplasmic components as normal metabolism in the 
cells. Once the coral was placed in stress conditions, 
autophagosomes in the gastrodermis increased and di-
gested the cells they were present in. These facts suggest 
that in P. damicornis, stress factors such as HT, UV and 
FR might induce autophagosomes to lose the specificity 
where targets to degrade are selective.

In this study, prolonged exposure to HT, UV and FR 
caused the cells containing zooxanthellae to be dis-
charged from the gastrodermis. In the control treatment, 
adjacent cells in the gastrodermis were tightly connected 
with each other. Since the gastrodermal cells without 
zooxanthellae collapsed under stress conditions, it is 
plausible that cell-to-cell adhesion in the gastrodermis 
weakened, the gastrodermis became disorganized, and 
eventually the cells containing zooxanthellae were ex-
pelled from the gastrodermis.

Symbiotic zooxanthellae are known to generate reac-
tive oxygen species (ROS) under UV radiation and high 
temperature conditions (Lesser et al. 1990, Lesser 1997, 
Nii and Muscatine 1997). ROS oxidize membrane lipids 
and make proteins and nucleic acids to denature and 
damage thylakoids in chloroplasts (Smith et al. 2005). 
However, Downs et al. (2009, 2013) have reported that 
oxidative stress substances may be produced mainly by 
coral host cells. In this study, chloroplasts and other cel-
lular components in some zooxanthellae were disrupted 
by exposure to UV and FR. Symbiotic zooxanthellae in 

P. damicornis might be susceptible to UV and FR more 
than HT. However, even short exposure to HT damaged 
the coral gastrodermis more severely than in UV or 
FR. Three different stressors, HT, UV and FR, brought 
about the degradation of gastrodermal cells without 
zooxanthellae, so that the gastrodermal cells contain-
ing zooxanthellae were released from the gastrodermis. 
This suggests that the coral may receive distinct stress 
factors, but has a common mechanism by which the 
gastrodermal cells without zooxanthellae are selectively 
digested.
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