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A B S T R A C T   

Increased seawater temperature has resulted in mass coral bleaching events globally. Acropora tenuis, the 
dominant hermatypic coral species in southern Japan, was exposed to four temperature treatments [28 ◦C, 30 ◦C, 
32 ◦C, and >32 (=33.3 ◦C)] for 7 d. The coral colour was converted to R (red), G (green), and B (blue) values, 
each ranging from 0 (darkest) to 255 (brightest). RGB values exposed to 28 ◦C and 30 ◦C decreased slightly, 
whereas those exposed to 32 ◦C increased significantly after day 3–6, and those exposed to 33.3 ◦C changed to 
white within 2 d. Quantitative RT-PCR analysis revealed no significant changes in heat shock proteins in 
Acropora and symbiotic dinoflagellates at 28 ◦C and 30 ◦C after a 7 d exposure. Our findings revealed that 30 ◦C, 
higher than the mean temperature of the warmest month in southern Japan, was an inhabitable temperature for 
A. tenuis.   

1. Introduction 

Since 1998, increased seawater temperatures during heatwaves have 
killed sensitive corals and/or promoted the expulsion of symbiotic di
noflagellates (Symbiodinium and related genera) from coral tissues, 
resulting in mass bleaching (Morrison et al., 2019). Although most coral 
populations depleted by bleaching can recover, the interval between 
bleaching events has considerably decreased from 25 to 30 years in the 
1980s to only 6 years since 2010 (Hughes et al., 2018a). The time be
tween recurrent events is decreasing; hence, mature coral assemblages 
have less time to fully recover, which generally takes 10 to 15 years for 
the fastest growing species (Hughes et al., 2018a). In addition, due to the 
increase in seawater temperatures caused by climate change, coral reefs 
are exposed to an array of interdependent threats, including overfishing, 
coastal development, agricultural runoff, and shipping activities (Burke 
et al., 2011). Agricultural runoff and use of anthropogenic chemicals 
including herbicides, have also been reported to promote coral bleach
ing (see Wooldridge, 2009; Negri et al., 2011; Takeuchi et al., 2020). 

During 2015 to 2016, record high seawater temperatures triggered 
coral bleaching on a pan-tropical scale, which was the third global-scale 
bleaching event since mass bleaching was first documented in the 1980s 

(see Hughes et al., 2017). Hughes et al. (2018b) reported that the 2016 
bleaching event triggered an unprecedented loss of coral in the northern 
third of the Great Barrier Reef (GBR), Australia. This resulted in 50.3% 
loss of the coral cover on reef crests between March and November 
2016, and to a lesser extent in the central third, whereas almost no heat- 
stress mortality occurred in corals in the southern third of the GBR. Coral 
bleaching has also been recorded in the area spanning the Sekisei 
Lagoon near the western end (Nakamura, 2017; Muko et al., 2019) to 
Sesoko Island, north-west of Okinawa Island (Nishiguchi et al., 2018; 
Sakai et al., 2019; Singh et al., 2019), along the Ryukyu Archipelago in 
southern Japan during the summer of 2016. 

Jokiel (2004) estimated that the bleaching threshold temperature 
based on the long-term mean summer maximum sea surface tempera
ture (SST) was 27–32 ◦C globally, except for 35–36 ◦C in the Arabian 
Gulf. The SSTs obtained by satellite data have been used to identify the 
real extent of coral reef bleaching (Strong et al., 1997). An SST increase 
of 1 ◦C above the mean in the month that recorded the maximum tem
perature induces coral bleaching (see Strong et al., 1997; Jokiel, 2004). 
The degree heating week (DHW) is an index of the accumulation of 
temperature anomalies exceeding the monthly maximum mean SST for a 
given region (see Kayanne, 2017). DHW values >4.0 ◦C-week are 
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thought to lead to coral bleaching, and those >8.0 ◦C-week are thought 
to lead to widespread bleaching. The analysis by Kayanne (2017) indi
cated that the temperature of the warmest month, based on NOAA OI 
SST v2, was 29.22 ◦C for Ishigaki, 28.92 ◦C for Okinawa, and 28.53 ◦C 
for Amami in the Ryukyu Archipelago, southern Japan. Singh et al. 
(2019) also defined DHW between 4 ◦C-week and 8 ◦C-week as mod
erate thermal anomalies for corals around Sesoko Island, Okinawa. 
These thermal anomalies correspond to 30–31 ◦C owing to continuous 
temperature increases of 1–2 ◦C during the 4 weeks of the warmest 
month. 

The substantial geographic variation in bleaching thresholds was 
thought to be the result of ongoing evolution of temperature tolerance 
(Hughes et al., 2003). Recently, the upper thermal tolerance of Acropora 
was reported to be strongly influenced by the difference in the types of 
symbiotic dinoflagellates (Howells et al., 2012). Symbiotic di
noflagellates from Acropora in warm environments of the GBR exhibit 
greater photosynthetic performance at high temperatures than the same 
dinoflagellates from Acropora in cooler environments (Howells et al., 
2012; Jurriaans and Hoogenboom, 2019). This leads to a thermal dif
ference in coral bleaching based on locality. Compared to the massive 
morphological type of hermatypic coral, including Porites, the branching 
type, including Acropora, display a lower tolerance for high tempera
tures (see Loya et al., 2001; Nakamura, 2017; Nishiguchi et al., 2018). 

In the present study, we exposed the apical branches of Acropora 
tenuis to four 7 d temperature treatments, 28 ◦C, 30 ◦C, 32 ◦C, and 
>32 ◦C, which covered the range of seawater temperatures in the 
warmest month of the Okinawa Island area (see Kayanne, 2017). 
Acropora tenuis is a common hermatypic coral species in the Indo–Pacific 
region (Hoeksema and Cairns, 2020a). The succession of coral colour 
was monitored daily throughout the experiment. Heat shock proteins 
(HSPs) are molecular chaperones involved in maintaining regular 
cellular functions and play a crucial role in protein homeostasis. The 
HSPs are classified into several families based on their molecular mass 
(kDa), including small HSPs, HSP40, HSP60, HSP70, HSP90, and 
HSP110 (Santoro, 2000). HSP families in symbiotic Symbiodinium, that 
are associated with cnidarians such as coral and sea anemones, modu
late gene expression levels in response to different environmental 
stresses, including elevated temperature and salinity (Császár et al., 
2009; Kenkel et al., 2011; Rosic et al., 2011; Bonesso et al., 2017; Ellison 
et al., 2017). Our previous study demonstrated that the expression level 
of A. tenuis HSP90 is significantly downregulated after a 7 d exposure to 
both 1.0 μg/L and 10 μg/L of Irgarol 1051, which is originally PSII 
binding herbicide, and is also used in the new generation of anti-fouling 
paints (Ishibashi et al., 2018). Moreover, the expression of HSP70 and 
HSP90 in symbiotic dinoflagellates is upregulated after a 7 d exposure to 
both 20 ng/L and 200 ng/L of Irgarol 1051 (Kamei et al., 2020). In the 
present study, we analysed the expression of HSP families in A. tenuis 
and its symbiotic dinoflagellates after a 7 d temperature exposure, to 
elucidate the function of HSPs under thermal stress. 

2. Materials and methods 

A colony of cultured A. tenuis was purchased from Umino-tane Inc. 
(Yomitan-son, Okinawa, Japan) and transported to the laboratory of 
Ehime University at Matsuyama, Ehime, central Japan. The original 
cultured A. tenuis was collected from the coast of Okinawa Island. The 
coral colony was acclimated in a 72 L aquarium filled with artificial 
seawater [29 ◦C, same as the mean SST of the warmest month for Oki
nawa Island (see Kayanne, 2017)] and kept in a temperate incubator (IS- 
2000, Advantec Toyo Co., Ltd., Chiyoda-ku, Tokyo, Japan), measuring 
W 900 × D 550 × H 1035 mm, for approximately 2 weeks. The aquarium 
was connected to a protein skimmer (Prizm Skimmer, Red Sea Fish 
Pharm Ltd., Eilat, Israel) and aquarium filter (Tetra Auto OneTouch 
Filter AT-60, Spectrum Brands Japan Co. Ltd., Yokohama, Kanagawa, 
Japan). Artificial seawater (hereafter, referred to as seawater) prepared 
from LIVE sea salt (Delphis Inc., Itami, Hyogo, Japan) was used in the 

present study because the coastal waters of Japan, including Okinawa 
Island, reportedly contain various contaminant chemicals, including PS 
II herbicides (see Okamura et al., 2003; Takeuchi et al., 2004; Murai 
et al., 2005; Sheikh et al., 2009). An LED light source (PowerShot; 
Kotobuki Co., Ltd., Matsubara, Osaka, Japan) was installed, as described 
by Hirayama et al. (2017). Using a diagonal cutting plier, the tip of each 
branch-like part (approximately 1.0–1.5 cm in length) of the colony was 
neatly cut to minimise damage to the coral, and then secondarily 
acclimated for an additional 2 days in the same aquarium under similar 
conditions, as described by Hirayama et al. (2017). 

Exposure experiments were conducted over a period of 7 d. Kayanne 
(2017) reported that the SST of the warmest month on Okinawa Island is 
28.92 ◦C. Four different temperature treatments, i.e. 28 ◦C, 30 ◦C, 32 ◦C, 
and >32 ◦C, were designed to cover the temperature range. Each tem
perature treatment was set up in a temperate incubator (IS-2000). 
Although we attempted to set up a 34 ◦C treatment for the highest 
temperature in the incubator, this temperature could not be stably 
maintained. Thus, the highest temperature treatment was >32 ◦C. The 
seawater temperature in a single Petri dish (approximately 80 cm3) in 
the incubators was recorded at 1 h intervals throughout the experiment 
using a small data logger (TidbiT v2, Onset Computer Corporation, 
Bourne, MA, USA). The average seawater temperature throughout the 
experiment was 28.2 ± 1.0 ◦C for the 28 ◦C treatment, 30.1 ± 0.3 ◦C for 
the 30 ◦C treatment, 32.1 ± 0.4 ◦C for the 32 ◦C treatment, and 33.3 ±
0.6 ◦C for the >32 ◦C treatment. 

In each temperature treatment, eight Petri dishes (approximately 80 
cm3), each with one coral (approximately 1.0–1.5 cm in length) per dish, 
were placed in the incubator around the Petri dish containing the data 
logger for recording temperature. The incubator was maintained at a 12 
h:12 h light: dark photoperiod illuminated by the LED light. Photosyn
thetic photon flux density at the centre of the outer side of the Petri dish 
cover was set at 50 μmol m− 2 s− 1 using a LI-250A light sensor (LI-COR, 
Inc., Lincoln, NE, USA), which was the same as that in our previous 
studies on hermatypic corals (Hirayama et al., 2017; Ishibashi et al., 
2018; Kamei et al., 2020; Takeuchi et al., 2020). 

To determine the colour, A. tenuis were photographed with a colour 
chart daily at the same time (12:00–13:00), based on our previous 
methods (Hirayama et al., 2017; Ishibashi et al., 2018; Kamei et al., 
2020), using a digital single-lens reflex camera (Nikon df, Nikon Cor
poration, Chiyoda-ku, Tokyo, Japan). The main settings for photography 
were for light sensitivity (ISO 100), shutter speed (1/125 s), aperture 
(f10), and manual flash mode. 

The NEF (RAW) files were then subjected to RGB value analysis. Each 
R, G, B value ranged from 0 (darkest) to 255 (brightest); R = G = B =
0 represents completely black, and R = G = B = 255 represents 
completely white. The analysed area, which corresponded to the coral 
apical branch surface, was converted into RGB values using Adobe 
Photoshop CC™ (Adobe Systems Incorporated, San Jose, CA, USA) 
based on the published study by Hirayama et al. (2017). The RGB values 
of the corals were corrected according to the red colour of the colour 
chart. 

The corals were moved to new Petri dishes with fresh seawater after 
photographing on days 2, 4, and 6. The Petri dishes and other glass 
devices used for the present experiment were washed and cleaned using 
acetone, hexane, HCl, tap water, and distilled water, as described in our 
previous ecotoxicity study on amphipod crustaceans (Aono and Take
uchi, 2008) and studies on hermatypic corals (see Hirayama et al., 2017; 
Kamei et al., 2020; Takeuchi et al., 2020). 

After the 7 d thermal treatment, corals were harvested in RNAlater 
solution (Qiagen K.K., Chuo-ku, Tokyo, Japan), and stored at − 80 ◦C 
until total RNA isolation. Total RNA was extracted from the coral tissue 
using the RNeasy Mini Kit (Qiagen). Briefly, 1 μg of total RNA was 
reverse transcribed into cDNA using the ReverTra Ace qPCR RT Kit 
(Toyobo Co., Ltd., Osaka, Japan). Quantitative real-time PCR was per
formed using the Fast SYBR Green Master Mix and StepOne™ Real-Time 
PCR System (Life Technologies Japan Ltd., Minato-ku, Tokyo, Japan), as 
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described in our previous studies (Ishibashi et al., 2018; Kamei et al., 
2020). Primers for target genes, including A. tenuis HSP90 (atHSP90) 
and Symbiodinium HSPs (symHSP90, symHSP70, and symHSP40); refer
ence genes, including A. tenuis β-actin (atβ-actin) and elongation factor 
(atEF); and Symbiodinium ribosomal protein S4 (symRp-S4), S-adenosyl-L- 
methionine synthetase (symSAM), and Cyclophin (symCyc), are shown in 
Table 1. Data were normalised to atEF mRNA for A. tenuis and to symRp- 
S4 mRNA for Symbiodinium. All analyses were performed in triplicate for 
each gene in each sample. 

Statistical analyses were performed using GraphPad Prism ver. 7.0 
(GraphPad Software, San Diego, CA, USA). All data were analysed for 
the assumption of homogeneity of variance using Bartlett’s test. The 
differences in the RGB values and mRNA expression levels among the 
thermal-treatment groups were assessed using parametric one-way 
analysis of variance, followed by Dunnett’s multiple comparisons 
tests. Differences were considered statistically significant at p < 0.05. 

3. Results 

The RGB values of A. tenuis in the lower two treatments (28 ◦C and 
30 ◦C) decreased slightly throughout the 7 d experiment by 9.4% to 
10.7% in R values, 11.8% to 12.0% in G values, and 16.4% to 21.6% in B 
values, respectively. Those in the higher two treatments indicated an 
opposite increasing trend, i.e. moving to the white end of the spectrum 
(Figs. 1, 2). The RGB values in the 32 ◦C treatment slightly decreased, 
and then generally increased from around day 4; RGB values on day 7 
increased 3.1% to 9.8% compared to those on day 0. Significant dif
ferences from the 28 ◦C treatment were recognised on day 3 for R, day 5 
for G, and day 6 for B (p < 0.05). Compared to day 0, the RGB values of 
corals in the >32 ◦C treatment increased by approximately 2.7% to 
12.1% on day 1, 27.6% to 102.0% on day 2, and 37.0% to 155.1% on 
day 3. Significant differences from the 28 ◦C treatment (p < 0.05) were 
recognised for all RGB values from day 1 to the end of the experiment. In 
the >32 ◦C treatment, the release of symbiotic dinoflagellates from host 
corals at the bottom of the Petri dish was observed on day 2 (Fig. 3). 

In the 32 ◦C and > 32 ◦C treatments, the mRNA expression levels of 
target genes could not be analysed in corals or Symbiodinium, because all 
corals were bleached in the >32 ◦C treatment, and the expression levels 
of the reference genes in the 32 ◦C treatment were lower than those in 
the 28 ◦C or 30 ◦C treatments (p = 0.029 to 0.138). 

In corals, the mRNA expression levels of atHSP90 in the 30 ◦C 
treatment (1.26-fold increase) were higher than those in the 28 ◦C 
treatment, but no significant difference (p = 0.130) was observed be
tween these groups (Fig. 4). In Symbiodinium, no significant effects were 
observed in the mRNA expression levels of symHSP90 (p = 0.840) and 
symHSP70 (p = 0.718) between the 28 ◦C and 30 ◦C treatments (Fig. 4). 

However, the mRNA expression level of symHSP40 in the 30 ◦C treat
ment (0.59-fold decrease) was lower than that in the 28 ◦C treatment, 
but no significant difference (p = 0.076) was observed (Fig. 4). 

Table 1 
Genes, GenBank accession numbers, and primer sequences in the qRT-PCR assay.  

Organism Gene name Abbreviation GenBank accession no. 5′-3′ sequence (upper, sense; lower, antisense) Reference 

Coral 
(Acropora tenuis) 

Heat shock proteins 90 atHSP90 DC999945 AAAACCCTTGTGGATGCG 
GACCTTCAACCGAAAAGTGC 

Ishibashi et al. (2018) 

β-actin atβ-actin BJ999688 CCTTCAATTCACCAGCCATGT 
CGAGGCGTACAAAGACAACACA 

Yuyama et al. (2012) 

Elongation factor atEF Q1HR88 TTTGCGCCTGCAATGCT 
CAGACTTTCATGGTGCATTTCAA 

Yuyama et al. (2012) 

Symbiodinium Heat shock proteins 90 symHSP90 EH038163.1 GAGGATCTGCCACTGAACATCTC 
GCGAACATCTCCAAGCACTTC 

Rosic et al. (2011) 

Heat shock proteins 70 symHSP70 EH038080.1 CAGATGAGGCCGTGGCTTAT 
GGGAGTCACATCCAACAGCAA 

Rosic et al. (2011) 

Heat shock proteins 40 symHSP40 EH035912.1 GCGAAAATTTCACTGCGAGACT 
GGTCGGACAACTTCATTTAGTGGTA 

Rosic et al. (2011) 

Ribosomal protein S4 symRp-S4 EH036413.1 CCGCACAAACTGCGTGAGT 
CGCTGCATGACGATCATCTT 

Rosic et al. (2011) 

S-adenosyl-L-methionine synthetase symSAM EH036622.1 GCCTACATTTGCCGACAGATG 
AATGGCTTGGCAACACCAAT 

Rosic et al. (2011) 

Cyclophin symCyc EH037450 ATGTGCCAGGGTGGAGACTT 
CCTGTGTGCTTCAGGGTGAA 

Rosic et al. (2011)  

Fig. 1. Succession of RGB values in Acropora tenuis in the four temperature 
treatments. Vertical lines indicate standard deviations (n = 8). 

R. Shitaoka et al.                                                                                                                                                                                                                               



Marine Pollution Bulletin 162 (2021) 111812

4

4. Discussion 

The thermal stress that drives bleaching differs among morpholog
ical types and genera of hermatypic corals in southern Japan. The 
branched or table-like type of hermatypic corals, including Acropora, 
were less tolerant to high temperature than the massive type of coral, 
including Porites (see Loya et al., 2001; Nakamura, 2017; Nishiguchi 
et al., 2018). Loya et al. (2001) reported that, during the 1998 bleaching 
event on Sesoko Island in southern Japan, branched Acropora and 
pocilloporid corals were severely affected, but the coverage and abun
dance of massive types of Porites, namely, Porites lutea and Porites lobata, 
increased after the bleaching event. Nishiguchi et al. (2018) reported 
that during the summer of 2016, Acropora cytherea was gradually 
bleached, whereas Porites sp. retained their natural colour on Sesoko 
Island during this time. The average seawater temperature from the end 

of July to early September was 29.9 ◦C at their study site. Nakamura 
(2017) surveyed the bleaching status of 11 species of major hermatypic 
corals, including Acropora, Pocillopora, Seriatopora, Stylophora, Favites, 
and Porites; from 3 to 12 September 2016 over the entire Sekisei Lagoon 
near the western end of southern Japan. His survey showed that the 
bleaching of 10 species, including Acropora, was >98%, whereas 
massive Porites exhibited approximately 60% bleaching. Singh et al. 
(2019) compared the population dynamics of adult Acropora spp. 6 
months before and after the 2016 bleaching events around Sesoko Is
land; and found that, of the five monitored stations, all colonies of 
Acropora spp. were bleached at one station, which was the only station 
where the DHW was above 4 ◦C-weeks. 

Fujise et al. (2014) reared colonies of Acropora selago and Acropora 
muricata collected from Ishigaki Island, Okinawa, under nonthermal 

Fig. 2. Photographs of Acropora tenuis in the four temperature treatments from day 0 to day 7. Still images were taken from the JPEG images saved simultaneously 
with the RAW files used for the RGB value analysis. The bar indicates 1.0 cm. 

Fig. 3. Photographs of Acropora tenuis in the >32 ◦C treatment from day 0 to 
day 3. Still images were taken from the JPEG images saved simultaneously with 
the RAW files used for the RGB value analysis. The arrow indicates the release 
of symbiotic dinoflagellates. 

Fig. 4. Expression levels of Acropora tenuis HSP90 (atHSP90) and Symbiodinium 
HSP90 (symHSP90), symHSP70, and symHSP40 genes after treatment at 28 ◦C 
and 30 ◦C for 7 d. Boxes represent upper and lower quantiles, whiskers 
represent minimum and maximum values, and black lines represent the me
dians (n = 4 per treatment group). 
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stress (27 ◦C) for 5 d to moderate heat-stress conditions (30 ◦C) for 6 
d via stepwise increases for 2 d. Although Symbiodinium densities in both 
species of Acropora did not show any significant differences between 
sampling days, degraded Symbiodinium cells from coral predominated at 
30 ◦C, and the proportion of expelled normal Symbiodinium cells 
exhibited a lower maximum potential quantum yield (Fv/Fm), an indi
cator of photosynthetic performance, at 30 ◦C. Thus, 30 ◦C was found to 
be a moderate heat-stress temperature in several recent studies con
ducted in Okinawa, southern Japan (see Fujise et al., 2014; Yorifuji 
et al., 2017; Singh et al., 2019). This temperature is also considered to 
induce moderate heat stress in Acropora palmata, a Caribbean species 
(Portune et al., 2010). 

In contrast to the above field and laboratory studies conducted at 
Okinawa (see Fujise et al., 2014; Yorifuji et al., 2017; Singh et al., 2019), 
the present study clearly showed that the colour of A. tenuis in the 28 ◦C 
and 30 ◦C treatments was stable throughout our 7 d experiment. The 
release of dinoflagellates was observed only in the >32 ◦C treatment. 
Moreover, the coral HSP90 and dinoflagellate HSP90, HSP70, and 
HSP40 in these two treatments were stable and not up- or down
regulated after the 7 d exposure. 

Yorifuji et al. (2017) reared juveniles after the metamorphosis of 
A. tenuis collected from Aka Island, Okinawa, which had settled on tiles 
under three temperature treatments for 2 or 4 months during the sum
mer of 2012 and 2013. The treatments comprised ambient temperature 
(22.66–30.82 ◦C in 2012 and 27.01–30.93 ◦C in 2013), moderate heat- 
stress temperature (30 ◦C), and high heat-stress temperature (31 ◦C in 
2012 and 32 ◦C in 2013) conditions. The moderate heat-stress temper
ature of 30 ◦C was 1 ◦C above the monthly mean in the month that 
recorded the maximum temperature in Ishigaki to Amami in the Ryukyu 
Archipelago, southern Japan (see Kayanne, 2017). In the 2012 experi
ment, A. tenuis in the 30 ◦C treatment survived for up to 1.5 years with a 
37.0% survival at 4 months, while the survival rates were 24.4% under 
ambient conditions and 14.0% under 31 ◦C conditions at 4 months 
(Yorifuji et al., 2017). In the 2013 experiment, the survival rate of ju
venile A. tenuis was 15.2% in the ambient treatment, and 51.3% in the 
30 ◦C treatment and 3.4% in the 32 ◦C treatment at 2 months (Yorifuji 
et al., 2017). In both experiments, the survival rate was maximum at 
30 ◦C, which was considered to represent a moderate heat-stress tem
perature by Yorifuji et al. (2017). Bell et al. (2017) reported an experi
ment with juvenile polyps of Acropora digitifera from Sesoko Island, 
Okinawa, attached to plates and reared under four temperature treat
ments (20 ◦C, 22 ◦C, 27 ◦C, and 31 ◦C) for 3 weeks. The juveniles at 31 ◦C 
exhibited the highest calcification rate, which was significantly different 
from that exhibited in the 27 ◦C treatment. Acropora digitifera is also a 
common hermatypic coral species in the Indo–Pacific region (Hoeksema 
and Cairns, 2020b). Baird et al. (2006) reported that of the A. muricata 
larvae collected from Okinawa, 30% of those in the 26 ◦C and 32 ◦C 
treatments survived after 198 h, whereas all larvae in the 36 ◦C treat
ment died within 40 h. These findings on Acropora, especially A. tenuis 
and A. digitifera from Okinawa, together with our results indicate that 
30–31 ◦C is an inhabitable environmental temperature, similar to the 
<30 ◦C treatment in the current study. 

Several previous studies have demonstrated that elevated tempera
ture, especially >31 ◦C has the potential to modulate the expression 
levels of HSPs, such as HSP90 and HSP70, in corals and Symbiodinium, 
suggesting that HSPs, as molecular chaperones, have vital cytopro
tective properties (see Császár et al., 2009; Kenkel et al., 2011, 2013; 
Leggat et al., 2011; Rosic et al., 2011; Bonesso et al., 2017; Lee et al., 
2018). Leggat et al. (2011) collected Acropora aspera from the GBR and 
subjected them to experiments involving elevated temperatures. After 5 
days of acclimation, the rearing tanks were heated by raising the tem
perature by approximately 1 ◦C per day for 6 days before they were held 
at the specified temperature for an additional 2 days. Seawater tem
peratures increased from a midday temperature of approximately 27 ◦C 
to a midday value of 34 ◦C over the 8 days of the experiments (Leggat 
et al., 2011). In the corals, the expression of both HSP70 and HSP90 was 

significantly upregulated from day 7 and day 5, respectively, when 
exposed to increased temperatures, whereas in the dinoflagellates, only 
HSP70 was significantly upregulated on day 5 (Leggat et al., 2011). Lee 
et al. (2018) studied the gene expression of A. muricata collected from 
Kochi Prefecture, Shikoku Island, southern Japan during winter 
(~16 ◦C) and summer (~27 ◦C). They reported that HSP70 transcription 
was upregulated when corals collected in the winter were subjected to 
33 ◦C for 24 h. 

In conclusion, the present study showed that the RGB values of 
A. tenuis exposed to 28–30 ◦C for 7 d decreased slightly, whereas those 
exposed to 32 ◦C for 7 d moved to the white end of the spectrum, and the 
expression of HSPs in A. tenuis and its symbiotic dinoflagellates kept at 
28–30 ◦C for 7 d was stable. The results of the above-mentioned studies 
in combination with our findings showed that a seawater temperature of 
30 ◦C is a normally inhabitable environmental temperature for Acropora, 
at least for A. tenuis and A. digitifera, along the coast of southern Japan. 
The seawater temperature of 30 ◦C is 1 ◦C above the monthly mean in 
the month that recorded the maximum temperature in southern Japan. 
Further detailed study on the thermal tolerance of Acropora spp. over a 
longer period corresponding >4.0 ◦C-week in DHW combined with the 
analysis of physiology of symbiotic dinoflagellates would contribute to 
the conservation of Acropora in a warming environment. 
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