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lkuko Yuyama, Takashi Nakamura, Tomihiko Higuchi, and Michio Hidaka (2016) Reef-building corals
are often associated with multiple clades of symbiotic dinoflagellate Symbiodinium spp., where the relative
composition of Symbiodinium can alter the phylogenetic properties (e.g., stress responsiveness, growth rate) of
the host coral. The genus Symbiodinium contains nine clades, some of which behave differently in response to
strong light and/or temperature stresses, for example, clade D Symbiodinium are thermally tolerant. However,
previous studies are based on corals present in the field, and it is possible that the corals used in previous
experiments did not contain single Symbiodinium clades. For an accurate assessment of the effects of each
Symbiodinium clade on host thermal stress resistance, monoclonal cultures of clades C1 and D were inoculated
into aposymbiotic juvenile polyps. Photosynthetic efficiency (maximum quantum yield: F./Fn) showed a decline
at 30°C than at 25°C in both clades. Symbiodinium clade C1 showed a consistently higher rETRmax with larger
fluctuations than clade D, with a lower survival rate of juveniles during thermal stress treatment. Under strong
light exposure, corals containing clade C1 showed a greater decline in F/Fm (-74%), compared to decline
in corals associated with clade D (-50%) after 3 hours. This is the first study to assess stress tolerances of
juvenile corals in association with the monoclonal Symbiodinium clades C and D, and our results indicated
greater tolerance of corals associated with clade D to strong light (500 pmol m2 s™*). However, it is difficult to
determine the impact of high-temperature stress on coral-algae symbiosis from photosynthetic activity. At high
temperatures, clade C1 Symbiodinium exhibited high photosynthetic activity, but host survival rates were higher
in corals associated with clade D Symbiodinium. Since clade C1 has a relatively high photosynthetic activity
under high temperatures, clade C1 symbiosis at high temperatures might have a negative impact on corals
compared with clade D.
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BACKGROUND

Corals can suffer from high temperature
stress that often triggers a collapse of the
relationship with their symbiotic dinoflagellate
algae, composed of the genus Symbiodinium.
This breakdown is known as “coral bleaching”,
in which corals suffer a considerable loss of

numbers and quality of their Symbiodinium. The
response to bleaching stress is accompanied by a
steep reduction in photosynthetic efficiency of the
endosymbiotic algae; known as “photoinhibition”
of photosynthesis (Warner et al. 1999; Takahashi
et al. 2004). Even in the absence of elevated
temperature stress, high irradiance can induce
the production of reactive oxygen species, which
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in turn cause critical damage to several cellular
targets, including Photosystem Il (PSIl). When PSII
is severely damaged, photosynthetic efficiency
is downregulated (Gorbunov et al. 2001; Lesser
and Shick 1989), and high temperature conditions
inhibit the repair of the damaged PSII at the site of
de novo synthesis of the photosystem Il reaction
center (D1 protein), resulting in increased damage
to the photosynthetic abilities of the symbionts
(Takahashi et al. 2004). On the other hand, corals
have anti-stress defenses, including antioxidant
enzymes to avoid bleaching (Lesser 1997);
mycosporine-like amino acids (MAAs) can act as
a sunscreen against ultraviolet radiation (Dunlap
and Shick 1998). These defenses are particularly
critical for juvenile corals in subtropical to tempe-
rate regions where juvenile corals must grow
during the summer season under high temperature
stress.

Genetic differences exist among the
Symbidodinium, which are currently classified into
nine clades (A-l) containing multiple sub-clades
(Baker 2003; Coffroth and Santos 2005; Pochon
and Gates 2010) that influence the susceptibility
of corals to bleaching (Baker et al. 2004).
Symbiodinium clade C is the most commonly found
in corals and has the highest genetic diversity
(Coffroth and Santos 2005), whereas clade D is
often found in corals after bleaching events (Jones
et al. 2008). Relative abundance of clade D tends to
be higher in corals that experienced unusually high
temperatures (Baker et al. 2013; Stat et al. 2013).
Several studies have reported seasonal changes
in the composition of Symbiodinium clades in
several coral species (Chen et al. 2005; Thornhill
et al. 2006; Suwa et al. 2008). This shuffling of
the dominant Symbiodinium clade is thought to
be an adaptation mechanism to high temperature
conditions (Berkelmans and van Oppen 2006).

Symbiodinium clade D has been reported to
be more tolerant of stress compared with clade
C. In pocilloporid corals, a temperature of 32°C
decreased F./Fn in clade C associations, but this
increased in clade D associations (Rowan 2004).
Berkelmans and van Oppen (2006) reported that
an adult colony of Acropora millepora with a sub-
clade C2 symbiont bleached after 15 days at 31°C,
whereas transplants with D-type symbionts were
all healthy. Juveniles of A. millepora associating
with sub-clades C1 or D were also used in a stress
experiment; at 32.5°C there was an earlier and
stronger reduction in F./F, for corals containing
C1 than for those with D (Mieog et al. 2009). On
the other hand, clade D was reported to be more
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sensitive to heat stress than clade C, as Abrego et
al. (2008) showed that juveniles of A. tenuis, which
associated with sub-clade C1, exhibited a higher
thermal tolerance than those associated with clade
D. However, previous reports were based on corals
present in the field, and there is the possibility that
these corals did not contain a single Symbiodinium
clade, but instead contained a mix of clades. The
impact of monoclonal symbiont clades on host-
tolerance under stress has not yet been fully
investigated.

To date, no studies have compared
stress responses using corals associated with
monoclonal Symbiodinium of clades C and D,
since it is difficult to produce corals associated with
a monoclonal Symbiodinium. As mentioned above,
corals in a natural habitat may contain multiple
clades of Symbiodinium, and their dominant clade
could have been replaced through environmental
changes over time. To accurately assess the
effects of each Symbiodinium clade on host
thermal stress resistance, corals associated with
monoclonal Symbiodinium are needed. Recently,
sub-clade C1 and clade D monoclonal cultures
were successfully inoculated into juvenile corals
(Yuyama and Higuchi 2014), and it was possible
to test whether the coral thermal stress response
was directly derived from its particular clade of
endosymbiotic algae. To this end, juvenile corals
of A. tenuis harboring Symbioidinium clades C1
or D were incubated at two different temperatures
(25°C and 30°C) to monitor the photosynthetic
parameters (F./F» and rETRmax), as well as the
survival rate. Secondly, the independent effect of
high irradiance on the photosynthetic parameter
(FW/Fm) of each endosymbiotic Symbiodinium was
investigated. An understanding of the variation in
the stress responses of juveniles could provide a
comprehensive insight into the impacts of global
warming on newly recruited corals.

MATERIALS AND METHODS
Algae and coral juveniles

The monoclonal Symbiodinium strains
CCMP2466 (sub-clade C1) and CCMP 2556 (clade
D) were obtained from the Bigelow Laboratory
for Ocean Sciences (West Boothbay Harbor, ME,
USA; https://ccmp.bigelow.org/) and cultured in
IMK medium (Wako Chemicals, Osaka, Japan) at
25°C under a 12-h light (50 pmol m2 s): 12-h dark
cycle.
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Acropora tenuis larvae were collected just
after spawning and fertilization at the Akajima
Marine Science Laboratory (Okinawa, Japan),
and were shipped to Ryukyu University. The
larvae were exposed to 2 uM Hym 248 to
induce metamorphosis (lwao et al. 2002).
After metamorphosis, Symbiodinium cells
(approximately 2000 cells mL") were introduced
into polyps. Juvenile polyps were cultured in plastic
petri dishes (55-mm diameter) at 25°C under
a 12-h light (50 umol m=2 s'): 12-h dark cycle.
Each dish contained 10-20 juveniles in 40 mL of
filtered seawater (FSW), which was renewed daily.
Seawater was filtered through a membrane filter
with a 0.22-um pore size (Millipore, Billerica, MA,
USA). Each container was covered with plastic
wrap to prevent cross-contamination of clades
and salinity changes due to evaporation during
the experiment. To confirm the endosymbiotic
algal clades, restriction fragment length
polymorphism (RFLP) was performed using
4-month-old symbiotic corals after inoculation
with Symbiodinium (Yuyama and Higuchi 2014).
Symbiotic corals of approximately 4 months old
after inoculation with Symbiodinium were also used
in the stress experiments since these symbionts
increased to the same density in this time (Yuyama
and Higuchi 2014).

High temperature stress

Four months after the introduction of
Symbiodinium into the juveniles, the Symbiodinium
cells had spread throughout the polyps (Yuyama
and Higuchi 2014). The juvenile corals were used
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in the thermal stress experiments in November,
2010. Juveniles were maintained in petri dishes
filled with FSW (mesh size 0.22 pm). Temperature
conditions were controlled by an incubator (LH-
70CCFL-CT, NK System, Tokyo, Japan) with a
gradual increase in water temperature during
the stress treatments (0.5°C per day) from 25-
30°C, while the control corals were maintained at
25°C (Fig. 1). The light intensity in the incubator
was 60 pmol m? s'. The F./F» of each coral was
measured at the start of the experiment. Eighteen
corals with sub-clades C1 or D were divided into
six containers filled with 100 mL FSW. Three
replicate petri dishes containing three juvenile
corals per container (a total of nine corals) were
used in each treatment. The survival rate was
estimated during incubation based on the presence
of intact tissues (dead corals were determined by
detachment of the tissue from the skeleton).

High irradiance stress

The light stress experiment assessed the
short-term impact of strong irradiance on the
photosynthetic efficiency of the endosymbiotic
algae. To compare differences between two clades
of symbiotic algae, 4-5 juvenile corals associated
with sub-clade C1, and 5-9 corals associated
with clade D were used in each treatment (no
experimental replicates in this experiment). These
experiments were performed in November 2013.
One container filled with 100 mL of FSW was used
for each treatment. Juvenile corals were exposed
to three light treatments: 50 (control), 100 and
500 umol m2 s'. The F./Fn of each coral was

22
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Fig. 1. Schematic representation of the experimental design. In the temperature treatment experiment, the water temperature was
gradually increased from 25°C by 0.5°C daily to 30°C (approx. 30°C: the maximum water temperature around Aka Island). We have
confirmed that water temperatures in containers were actually increased according to plan. The control set (...line) was maintained at
25°C throughout the experiment. Sampling times are indicated by arrows.
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measured at the start of the experiment and after 3,
6, and 9 h. All light treatments took place at 25°C.
The corals were illuminated (50, 100 and 500 umol
m-2 s7') with white LED lamps PLD-60 (Tetra,
Tokyo, Japan) during the experiment.

Chlorophyll fluorescence measurements

Chlorophyll o fluorescence of the in hospite
Symbiodinium was measured using a Diving-
PAM underwater fluorometer (Walz, Effeltrich,
Germany). Dark-adapted F./Fn is a reliable
measure of the maximum photochemical efficiency
of PSII (Demmig and Bjérkman 1987). In this
study, F/Fm and rETRmax were used to assess
photodamage in the endosymbiotic algae.
Measurements were taken on days 0, 8, 15 and
22, as shown in figure 1. All F/F» measurements
were performed after a 15 min dark adaptation
period. Each juvenile coral was placed directly onto
the PAM probe to obtain maximum fluorescence
(the basal portions of the corals were attached to
the surface of the PAM probe).

To determine the maximum relative electron
transfer rate (rETRmax) for each sample, the
rapid light curve (RLC) protocol was selected on
the PAM control software (WinControl, Waltz).
Samples were dark-adapted for 15 min prior
to the start of the experiment then, minimum
fluorescence (Fo) of the chlorophyll was
determined using 3 us pulses of a light-emitting
diode (measuring light, LED, peak emission at
650 nm). The maximum fluorescence (Fm) of each
dark-adapted sample was measured by a 0.8 s
saturation light pulse (~4000 umol photons m2 s™)
right after the dark-adapt period. F/Fn, the ratio of
variable fluorescence (F,, where F, = Fn, - Fo) to Fn,
was determined as such. Subsequently, saturation
light pulses were applied to obtain F./Fn (effective
quantum yield of PSIl) at the end of each light
exposure step (0 (dark-adapted), 75, 100, 160,
270, 350, 740, 1270 pumol Eq; 15 sec per step). In
addition to pre-exposure of samples to ambient
light condition prior to dark-adapt period, light-
adaptation was successively achieved through the
step-wise increment of actinic light intensity during
the RLC measurement procedure. Fv/Fm’ value
of each light exposure step was used to calculate
the rETR (effective quantum yield *PAR*0.5) to
estimate the dynamic changes of rETR in response
to the increasing light exposure conditions for each
RLC measurement. The rETR values for each
light exposure step were then fitted to form an
exponential curve, following Platt et al. (1980) to
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calculate the rETRmax.
Statistical analysis

Physiological parameters for corals
associated with clades C1 and D, including F/Fn
and rETRmax were compared for treatments.
Student’s t-test (JMP8.0; SAS Institute, Cary,
NC, USA) was used for comparisons of the high
temperature stress results. A two-way repeated-
measures ANOVA with time and light intensity was
used for the F./Fm data. Post hoc differences were
tested for using a Turkey-Kramer HSD (honestly
significant difference) test.

RESULTS
Effect of high temperature stress on F./Fn,

Juvenile corals hosting either sub-clade C1
(C1 coral) or clade D Symbiodinium (D coral)
were incubated under different temperature
regimes, and their photosynthetic efficiencies
were compared. The F/Fmn values were higher
in D corals (0.464 + 0.007, mean £ SE; n = 27)
compared with C1 corals (0.409 £ 0.007; n = 27)
on day 1 (Fig. 2). Corals (n = 18) were selected
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Fig. 2. Maximum quantum yield (F./Fm) of corals associating
with Symbiodinium clade C1 (A) and corals with clade D (B)
under heat treatment and the control. Values are means + se. *
p < 0.05, ** p<0.01, t-test.
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for further experiments and were divided into
two treatment groups. The F./Fn values initially
increased until day 8 under all conditions. At days
8 and 16, the F./Fn values of the C1 corals were
significantly higher (p < 0.01, t-test) at 25°C than at
30°C. However, there was no difference at day 22
(0.585 +0.018, n=9 at 25°C, 0.583 £ 0.021, n =7
at 30°C). On the other hand, D corals showed
a significant difference between temperature
treatments on days 15 and 22. The difference in
the F/Fm of D corals was greater at day 22 (F/Fnm
in D coral was 0.607 £ 0.014 at 25°C, and 0.513
0.014 at 30°C, n=9)

The maximum relative ETR values (rETRmax)
of each coral on day 1 were 5.260 + 0.170 (n = 27)
for C1corals and 5.119 £ 0.146 (n = 27) for D
corals (Fig. 3). The rETRmax value of the C1
corals increased dramatically during days1-8. The
rETRmax values at 30°C were tend to higher than
those at 25°C in C1 and D corals. But there was
no significant difference between two treatments.
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Fig. 3. Maximum relative electron transport rate (rETRmax)
of corals hosting Symbiodinium clade C1 (A) and clade D (B)
under heat treatment and the control. Values are means + SE.
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C1 corals consistently maintained higher rETRmax
values than D corals during the experimental
period.

Survival rate during heat stress

The survival rate of D corals was 100% during
the experimental period under both temperature
conditions. The survival rate of C1 corals declined
to 77.7% in the 30°C treatment, and all the
mortality was recorded within days 1-8 (Fig. 4). No
significant decline of F/F, was observed in the
juvenile corals prior to their mortality.

Effect of strong irradiance on F./Fn,

The F./Fm values of C1 corals and D corals
were significantly reduced by the strongest light
treatment (p < 0.01, ANOVA). A light exposure of
500 umol m? s induced a reduction in F./Fn in the
juvenile corals associated with both clades within
3 h. The F/Fn dropped to 0.141 + 0.041, 0.118 £
0.029, and 0.103 + 0.023 in C1 corals (n = 5), while
it decreased to 0.300 + 0.034, 0.347 + 0.040 and
0.283 £ 0.035 in D corals (n = 9), after 3, 6 and
9 h, respectively. C1 corals showed a significant
decline in F/Fn over time compared with D corals
under 500 umol m2 s (p < 0.01, HSD). Light

—@— clade Clheat

—ae— clade Clcontrol
clade D heat
clade D control
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Fig. 4. Survival rate of corals during the experimental period.
The survival rates of corals associating with Symbiodinium
clade C1 are shown as black lines, and for those associating
with clade D are shown as grey dotted lines. Nine corals were
used for each treatment. The survival rate of all corals with
clade D was 100%. The survival rate of corals with clade C1
decreased with increasing temperature.
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treatments of 100 umol m2s™ and 50 pmol m2 s™
light did not result in significant declines of F./Fn, in
either clade.

DISCUSSON

The sensitivity of corals to heat and light
stress varies depending on their associated
endosymbiotic Symbiodinium clades, with clade
D providing the greatest stress tolerance (Baker
et al. 2004). However, many questions remain
regarding the differences between associations
with clades C and D. In this study, the results of
survival rate indicated that D corals might have a
better chance of survival compared with C1 corals
under thermally stressful conditions. Our results
also highlighted the dynamics of the photosynthetic
efficiency (F/Fm) and maximum relative electron
transport rate (rETRmax) of Symbiodinium clades
C1 and D in hospite in the early stages of the
coral life history. Differences observed between
C1 and D corals indicated the different abilities of
Symbiodinium in hospite to response to various
temperature and light conditions.

The results showed that a gradual tempe-
rature increase to 30°C resulted in 22.3% mortality
of C1 corals. Dead corals were observed only
during the first 8 days. During this period, the F/Fn
of both clades gradually increased. This might
have been affected by environmental changes
in the pre-experiment containers, because the
F./Fm of the control (25°C) corals also increased
gradually. In hospite, clades C1 and D tended to
show lower photosynthetic efficiencies at 30°C
compared with 25°C. A significant difference in
F/Fm between two temperature treatments was
observed after 8 days for C1 corals, and after
15 days for D corals. By day 22, a significant
decline due to heat stress was observed in clade
D, but not in clade C1, suggesting that clade
C1 had acclimated to the heat stress. While
the survival rate data showed that D corals had
higher resistance to thermal stress, F./Fn data
suggested that the clade C1 symbiont had higher
stress resistance than the clade D symbiont. Other
studies showed that colonies that predominantly
contained clade C symbionts suffered high
mortality from coral bleaching compared to clade
D-predominant colonies (Baker et al. 2004; Jones
et al. 2008), and our results in the juveniles
agreed with these findings. On the other hand,
photosynthetic responses of each clade to tempe-
rature stress appeared to vary. Abrego et al.
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(2008) observed that a decline in F./Fn observed
in A. tenuis juveniles associating with clade D
was greater than juveniles with clade C at 32°C.
Rowan (2004) reported that a temperature of 32°C
decreased F./Fn in pocilloporid corals with clade C
symbionts, whereas those with clade D maintained
an elevated F./Fn. These differences may be due
to differences in the life stage and species of the
corals observed. Our results were similar to the
result of Abrego et al. (2008), who reported that the
clade C symbiont appeared to have higher stress
tolerance than the clade D symbiont in Acropora
tenuis juveniles. It is likely that the decrease in
F./Fn after exposure to 30°C in this study reflected
the response to moderate heat stress, or different
levels of acclimation to higher temperatures. Dead
juveniles were observed only during the initial
temperature increase within the first 8 days of the
incubation period, suggesting that the temperature
change had become intolerable, especially to
juveniles with clade C1 symbionts.

Our results also showed a lower maximum
electron transport rate (rETRmax) in clade D than
in clade C1 during the experiments, while there
was no significant effect of higher temperatures
on the rETRmax of both in hospite clades.
The different level of rETRax between clade
C and clade D might indicate that the electron
transport rate in clade D was lower by a slower
Calvin Benson cycle. Our result is consistent
with observations made by Cantin et al. (2009)
and Jones and Berkelmans (2012), in which
clade C1 Symbiodinium hosted by A. millepora
juveniles had a greater rETRmax than clade D.
They also reported a two-fold higher rate of 14C
photosynthate incorporation into A. millepora
juvenile corals harboring clade C compared with
those harboring clade D (Cantin et al. 2009). A.
tenuis juveniles exhibited different growth rates
according to their associated symbiont types.
Variation in rETRmax between Symbiodinium
clades might affect the utilization of photosynthetic
products as well as the growth of corals. From
these photosynthetic parameters, we were unable
to determine the cause of the difference in survival
rates between C1 and D corals. However, it is
possible that clade C might become a burden for
corals at high temperatures, because clade C1
exhibited a relatively high F./F» and rETR at high
temperatures. The survival rate differential may
be associated with different levels of oxidative
stress from endosymbiotic algae (Yakovleva et
al. 2009). To determine the cause of coral death
under high temperature stress, it will be necessary
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to investigate levels of oxidative stress and
antioxidant enzyme activities in corals.

Exposing corals to high light (500 pmol m
s') caused a significant reduction in F./Fn in
both C1 and D corals. However, the extent of the
reduction in F./Fn differed between each clade. C1
corals showed a greater decline in F/Fm (-74%),
compared to a decline in D corals (-50%) after 3 h
(Fig. 5). The damage to the function of PSIl under
high light conditions appeared to differ between
clades. D corals were able to maintain greater
photosynthetic activity than were C1 corals under
strong light exposure. Field studies indicated that
corals predominantly hosted clade D in shallow
water (Mostafavi et al. 2007; Keshavmurthy et al.
2014), and clade D may provide a physiological
advantage to host corals under conditions of
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greater irradiation. The reduction in F/Fn was
also affected by high temperature during high light
exposure (Ferrier-Pages et al. 2007; Bhagooli and
Hidaka 2003). When C1 corals are exposed to the
combined stresses of high temperature and strong
irradiance, the photosynthetic system of clade C1
may suffer more damage than that of clade D.
Potential explanations for the observed differences
in the photoinhibitory responses of clades C1
and D are (1) differences in reactive oxygen
species produced (Weis 2008), (2) differences in
photoprotective proteins such as MAA (Dunlap
and Shick 1998; Yakovleva et al. 2009) in different
hosts, and (3) differences in the rate of repair of
damaged PSII (Takahashi et al. 2012). It will be
important to explain these differences between
clades under photoinhibitory conditions.
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Fig. 5. Maximum quantum yield (F./Fm) of corals hosting Symbiodinium clade C1 (A) and clade D (B) under irradiance of 50, 100,
500 umol m2 s™'. Values are means + se for each Symbiodinium type. * P < 0.05 compared to the value of < 500 umol m2 s according

to the Tukey-Kramer HSD test.
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CONCLUSIONS

We showed the differences in light/temp-
erature stress responses in juveniles hosting either
clade C1 or clade D monoclonal Symbiodinium
that can alter the fate of the host corals at an
early growth stage. At high temperatures, in
hospite clade C1 Symbiodinium had a higher
photosynthetic rate, compared to clade D, but the
survival rate of corals with clade C1 was lower
than that of corals with clade D. Generally strong
light can induce a photoinhibitory response in
both clades C and D. However, the extent of the
reduction in F/Fn was more severe in clade C
compared to clade D.
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