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• Sébastien Cordonnier1,3
•

Claude Bouchon1,3

Received: 17 March 2020 / Accepted: 24 October 2020

Abstract Unlike most other corals that have been declin-

ing since the 1980s, the population of Porites astreoides,

one of the dominant species of coral in Caribbean reefs,

appears to be resilient. We investigated the physiological

regulation of the electron transport chain of Symbiodini-

aceae chloroplasts during the light/dark transition in P.

astreoides compared to nine other common scleractinian

corals. Protocols were applied to coral samples in seawater

tanks and in situ. The maximum quantum yield (Fv/Fm) in

the dark and the effective photochemical efficiency (Fq0/

Fm0) in the light were measured during light–dark transi-

tions, and alternative electron flow mechanisms were

evaluated using fluorescence variation in response to serial

irradiation pulses (SIP protocol). The variation in Fv/Fm

(DYIImax) was calculated after 3 min or 2 h of dark

acclimation (DYIImax(2 h); DYIImax(3 min)). The three

species that belong to the genus Porites (P. astreoides, P.

divaricata, P. furcata) showed plastoquinone reduction

(PQ) in response to the SIP protocol, unlike all the other

species tested. A marked decrease in Fv/Fm (DYIImax(2 h)-

= 47.79%) was observed in P. astreoides in the dark

whereas the average DYIImax(2 h) of the other species tested

was 0.677%. The decrease in DYIImax in P. astreoides was

due to a significant increase in Fo (DFo(2 h)-

= - 108.64% ± SD 21.48) whereas Fm remained rela-

tively stable. The increase in Fo was attributed to reduction

of the PQ pool through a chlororespiration-like mechanism

known to reduce the production of reactive oxygen species.

This mechanism was triggered immediately after exposure

to the dark, while a brief and moderate light exposure

reversed it. Given the ecological success of P. astreoides,

we suggest that the high antioxidant capability of this

species in the dark phase could be one of the factors

favoring its survival in the face of various environmental

and anthropogenic threats.

Keywords Chlororespiration-like � PAM � Caribbean reef

corals � Resilience

Introduction

Alvarez-Filip et al. (2009) showed that the structural

complexity of coral reefs in the Caribbean region has

tended to decline since the 1970s. The massive corals,

which also provide progressively less shelter for other reef

organisms, could disappear in 10 to 15 yrs. Other analyses

in the Caribbean Basin demonstrated that the reef coral

cover has decreased by 80% over the last three decades,

and by nearly 40% in the French Antilles in recent years

(Gardner et al. 2003; Bouchon et al. 2004, 2008a, b).
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photosynthetic activity (Tolleter et al. 2013; Gardner et al.

2017; Zhang et al. 2016; Diaz et al. 2016). Chlororespi-

ration takes place in the dark or when the light intensity is

very low. This mechanism is activated when the photo-

synthetic machinery is inoperative (Bennoun 1994; Nixon

2000) and, as mentioned above (Beardall et al. 2003), is

known to reduce the production of damaging superoxide

and hydroxyl radicals. The role of chlororespiration and

which metabolic pathway is involved are still the subject of

debate and many differences have been observed, for

example between land plants and eukaryotic algae (Jans

et al. 2008; Martin and Sabater 2010; Nawrocki et al.

2015). Several studies of Symbiodiniaceae reported a

decrease in the maximum photochemical quantum yield of

PSII (Fv/Fm) at night or during prolonged dark periods that

can be explained by a reduction in the PQ pool caused by a

chlororespiration-like reaction (Jones and Hoegh-Guldberg

2001; Hill and Ralph 2008; Reynolds et al. 2008).

The aim of the present work was to compare the phys-

iological regulation of the electron transport chain of

Symbiodiniaceae during the dark phase of Porites

astreoides with that in nine other species of scleractinian

corals sampled on Caribbean reefs. We evaluated the level

of plastoquinone (PQ) reduction in these species and pro-

pose that it can be explained by a chlororespiration-like

mechanism. We discuss the potential physiological and

ecological benefits of such a mechanism.

Materials and methods

Measurements were made on 10 common species of Car-

ibbean scleractinian corals: Acropora palmata, Agaricia

agaricites, Orbicella annularis, O. faveolata, Porites

astreoides, Porites divaricata, Porites furcata, Pseu-

dodiploria clivosa, Pseudodiploria strigosa and Sideras-

trea siderea. PAM (Pulse Amplitude Modulated

Fluorometer) measurements were performed between April

2016 and January 2019 in the Bay of the Grand Cul-de-Sac

Marin (16� 21.6510 N; 61� 34.7870 W) in Guadeloupe

Island (French Antilles). The morphometric characteristics

of each species are listed in Table 1. Field measurements

were performed at midday, and samples were collected

between 9:00 a.m. and midday. Most field measurements

were made, and samples were collected between a depth of

2 and 5 m (Table 1). Additional PAM measurements were

made on Porites astreoides at depths of 10, 15 and 20 m.

Sampled colonies were placed in collection nets under-

water. Upon surfacing, the corals were transferred to an

insulated ice-box containing seawater collected at the

sampling site and transported to the marine laboratory in

less than 90 min. Each colony was placed in seawater tanks

containing 20 L of seawater.

A fine examination of the dynamics of coral assem-

blages revealed a general decrease in the abundance of 
most species particularly of the species proposed to be the 
main builders of Caribbean reefs at the end of the last 
glaciation (i.e., Orbicella annularis, O. faveolata, Acrop-

ora palmata). In contrast, one species, Porites astreoides 
(Lamarck, 1816), which was among the dominant species 
of the Antillean coral assemblages from the early 1980s on, 
was seen to be more resistant than most other corals. For 
example, the coral cover in the Bay of the Grand Cul-de-
Sac Marin in Guadeloupe Island (French Antilles) 
decreased from 42% in 1984 to 21% in 2018. In 1984, the 
two dominant species were Agaricia agaricites (9.9%) and 
Porites astreoides (8.7%), but in 2018, A. agaricites had 
dropped to 0.8%, while P. astreoides remained dominant 
and accounted for 8% of the coral assemblage. In fact, 
Porites astreoides has maintained its original abundance 
and today is the dominant species in most Caribbean reefs 
(Green et al. 2008; Javier Gonzalez-Barrios and Alvarez-
Filip 2018). Porites astreoides was also shown to be resi-
lient to experimental ocean acidification, to increases in 
temperature (Bove et al. 2019), and to one bleaching event 
(Levas et al. 2018), but appeared to be sensitive to suc-
cessive heating events that can cause damage through 
bleaching (Grottoli et al. 2014; Schoepf et al. 2015).

One of the common features of reef scleractinian corals 
is that they harbor dinoflagellate algae belonging to the 
family Symbiodiniaceae (LaJeunesse et al. 2018). How-
ever, genera within this family may respond differently to 
environmental forcing factors (Franklin et al. 1996; 
Romaine et al. 1997; Robison and Warner 2006; Takahashi 
et al. 2009; Hennige et al. 2009; Ragni et al. 2010; Gre-
goire et al. 2017; Diaz-Almeyda et al. 2017). Under ther-
mal and light stress reactive oxygen species (ROS) 
including superoxide (O2

-) and singlet oxygen are pro-
duced in Symbiodiniaceae (Lesser 1996, 2006; Wooldridge 
and Done 2009; McGinty et al. 2012; Krueger et al. 2014) 
and can damage both the symbiotic Symbiodiniaceae and 
their hosts, and these two different organisms have devel-
oped specific mechanisms to mitigate the negative effects 
of these products (Krueger et al. 2014; Roberty et al. 2014; 
Rehman et al. 2016). Some mechanisms related to the 
transport of electrons in the photosynthetic apparatus have 
also been proposed (Roberty et al. 2014). Cyclic electron 
flow around photosystem I (PSI-CEF) and chlororespira-
tion have been suggested to reduce ROS production in 
some Symbiodiniaceae genera hosted by scleractinian 
corals (Reynolds et al. 2008). These studies and many 
others explored whether photosynthesis and photoaccli-
mation mechanisms are used to reduce the negative effects 
of high light intensity (Suggett et al. 2008; Roberty et al. 
2014, 2015). However, oxidative stress has also been 
shown to occur in the dark, in the absence of



Measurements in the seawater tanks

The water tanks were placed outside in the shade with air

bubbling to avoid oxygen depletion, and the water was

renewed at 12-h intervals. The temperature was maintained

constant at the same temperature as that measured in the

field (between 26.5 and 28.5 �C depending on the sampling

date). Natural light was monitored using a PAR underwater

sensor LI-192 (Li-COR Biosciences, Lincoln, USA) and a

Diving PAM-PAR sensor (WalzTM, Effeltrich, Germany).

Light–dark transition measurements

In seawater tanks under natural light with a natural light

cycle, PAM measurements were performed independently

in triplicate for each species using an underwater Diving

PAM (WalzTM, Effeltrich, Germany) (Ralph et al. 1998).

Light–dark transitions were measured starting on the

sampling day and continued the following day. The coral

sample was excited by a weak red measuring light (1 lmol

photons m-2 s-1, 650 nm, frequency 0.6 kHz) to record

minimum fluorescence (Fo). The optical fiber (diameter

6 mm) of the PAM was positioned exactly 5 mm above the

surface of the coral. The maximum fluorescence in the dark

(Fm) or in the light (Fm0) measured at 10-min intervals was

obtained using a multiple turnover flash method (Krom-

kamp and Forster 2003). We used a saturating white light

pulse (0.6 s, 4000 lmol photons m-2 s-1) produced by a

halogen bulb that allowed reduction of the QA, QB and

part of plastoquinone (PQ) pools. Blank fluorescence was

done on a bleached coral skeleton under water on the

sampling sites before measurements in order to remove the

potential noise signal due to reflectance and the back-

ground fluorescence signal of seawater. The background

fluorescence was always very low (lower than 2% of the Fo

signal). The maximum quantum yield, Fv/Fm, was

calculated according to the following equation (Genty et al.

1989):

Fv

Fm

¼ Fm � Foð Þ
Fm

ð1Þ

When measurements were made in the light, the effec-

tive quantum efficiency of PSII was computed as follows

(Genty et al. 1989):

Fq0

Fm0
¼ Fm0 � F0ð Þ

Fm0
ð2Þ

An index was calculated to estimate variation of the Fv/

Fm. The index corresponds to the percentage of the Fv/Fm

variation during the first 2 h of the dark period, where DK0

is the Fv/Fm at the beginning of the dark phase (i.e., the first

Fv/Fm measurement after sunset when the PAR was below

1 lmol m-2 s-1), and DK2 h is the Fv/Fm after 2 h of

darkness. An interval of 2 h was chosen because it corre-

sponds to the average time needed to observe the lowest

Fv/Fm value in Porites astreoides during the dark period.

DYIImaxð2 hÞ ¼
Fv

Fm

� �
DK0

� Fv

Fm

� �
DK2 h

Fv

Fm

� �
DK0

8><
>:

9>=
>;

� 100 ð3Þ

The percentage variations of Fo and Fm called DFo(2 h)

and DFm(2 h), respectively, were also calculated over a 2-h

dark period according to:

DFO or mð2 hÞ ¼
Fo or mð ÞDK0

� Fo or mð ÞDK2 h

Fo or mð ÞDK0

( )
� 100 ð4Þ

The morphometric (Table 1) and optical properties of

the tissues of the 10 tested species differ and may partially

influence PAM measurements (Enriquez et al. 2017;

Wangpraseurt et al. 2019). In this study, the variations

between light and dark transition were compared. Conse-

quently, even if the saturating pulse was not able to saturate

Table 1 Colony form, calice distribution and size for each species, sampling depth and dates (month/year)

Species Colony form Calice distribution Calice size (mm) Depth (m) Date

Acropora palmata Branching Plocoid 1.5–2.3 1 04/16

Agaricia agaricites Massive Meandroid 2.0–3.0 2–5 01/19

Orbicella annularis Massive Plocoid 3.0–5.0 2–5 01/19

Orbicella faveolata Massive Plocoid 3.0–5.0 2–5 11/17

Porites astreoides Massive Cerioid 1.2–1. 6 2–5; 10; 15; 20 11/17

Porites divaricata Branching Cerioid 0.9–1.2 2–5 11/17

Porites furcata Branching Cerioid 1.5–2.0 2–5 11/17

Pseudodiploria clivosa Flattened Meandroid 5.0–10.0 2–5 04/16

Pseudodiploria strigosa Massive Meandroid 6.0–9.0 2–5 04/16

Siderastrea siderea Massive Cerioid 4.0–5.0 2–5 11/17



all the microalgae all through the layer of tissue of the

corals, this would not influence the observed photobiology

dynamics. In order to easily compare the F, Fo and Fm0, Fm

dynamics, the values were normalized to the maximum

value of Fm. According to the manufacturer’s recommen-

dations, the range of raw fluorescence was 200 to 500.

Serial irradiance pulses (SIP) fluorescence response

The serial irradiance pulses (SIP) fluorescence responses

were recorded as proposed by Reynolds et al. (2008) to

investigate the post-illumination behavior of the PQ pool.

The SIP protocol was applied to the samples within 3 h of

their arrival at the laboratory. Serial irradiance pulses (SIP)

fluorescence responses were recorded independently in

triplicate for each species. The same diving PAM as the

one described above was used. The protocol was performed

as follows: Scleractinian corals were acclimated to the dark

for 1 h. Base line fluorescence was monitored using a

modulated weak red measuring light (1 lmol photons

m-2 s-1, 650 nm, frequency 0.6 kHz), and Fm was mea-

sured by a 1-s saturating flash (650 nm, 4000 lmol photons

m-2 s-1) at 30 s intervals. The minimum fluorescence

measured after a saturating flash corresponds to Fo0. An

increase of Fo0 after the flash reveals a post-illumination PQ

pool reduction (Reynolds et al. 2008; Roberty et al. 2014)

while a stability of Fo0 indicates sustained linear electron

transport activities between PSII and PSI.

Field measurements

Measurements were made using the same setup as descri-

bed above in three independent colonies. The scleractinian

corals were placed in the dark for Fv/Fm measurements

using a simple homemade experimental device comprising

a black rubber swimming cap with the PAM Fiber optic

cable running through it. The swimming cap covered the

coral and ensured it was completely in the dark without

damaging it.

A field index was calculated to estimate variations of the

Fv/Fm. The index corresponds to the percentage of the Fv/

Fm variation during the first 3 min of the dark period, DK0

being the Fv/Fm at the beginning of the dark phase and

DK3 min the Fv/Fm after 3 min of dark. A 3-min interval

was chosen because of scuba diving constraints and

because a significant decrease of Fv/Fm was already

observed in Porites astreoides within this short dark

period.

DYIImaxð3 minÞ ¼
Fv

Fm

� �
DK0

� Fv

Fm

� �
DK3 min

Fv

Fm

� �
DK0

8><
>:

9>=
>;

� 100 ð5Þ

Data analyses

Analyses of variance (ANOVA) were followed by pairwise

multiple comparison (Tukey’s test). Previously, a Kol-

mogorov–Smirnov normality test and an equal variance

(homoscedasticity) test were applied. Differences were

considered significant when the p value was less than 0.05.

When ANOVA could not be performed, a Kruskal–Wallis

one-way analysis of variance by ranks test was applied. All

the plots were produced using SigmaPlot 12.5 (Systat

Software Inc. Chicago, USA).

Results

Fo and Fm (or Fq0) measured on Porites astreoides and

Pseudodiploria strigosa displayed very different dynamics

during the light/dark transitions and during the night

(Fig. 1). In Porites astreoides, in the dark, Fo increased

significantly from 31.50 to 58.65 (slope test p\ 0.001)

whereas in Pseudodiploria strigosa, it decreased signifi-

cantly from 34.68 to 28.65 (slope test p = 0.01). A

decrease in Fo in the dark was also observed in the seven

other species tested: Acropora palmata, Agaricia agar-

icites, Orbicella annularis, O. faveolata, Porites furcata,

Pseudodiploria clivosa, and Siderastrea siderea. Interest-

ingly, Porites divaricata showed an increase in Fo but the

magnitude was much lower than in Porites astreoides

(Supplementary Fig. 1). At the end of the light period,

during the light dark transition, Pseudodiploria strigosa

showed an increase in Fq0/Fm0 from 0.632 up to a maximum

0.661, which was reached during the dark phase (Fv/Fm).

This increase in Fq0/Fm0 was due to a decrease in fluores-

cence (F) in the dark associated with a weak decrease in

Fm0 and Fm. In contrast, in Porites astreoides, Fv/Fm

dropped from 0.642 to reach a minimum 0.271 within 2 h

after the night phase. This drop was mainly due to the

increase in Fo. The light–dark transition was performed

under natural light and with a natural light cycle, but the

same results were observed when the samples were placed

in the dark during the daylight period.

Based on these observations, an index was built to

estimate Fv/Fm dynamics. The DYIImax(2 h) highlights the

singular behavior of Porites astreoides sampled in shallow

water that showed a mean value of 47.79% while the

average of the nine other species tested was 0.677%

(Fig. 2). The mean DYIImax(2 h) value of the two other

Porites was 3.29% and - 1.15% for P. divaricata and P.

furcata, respectively. The mean DYIImax(2 h) value of

Porites astreoides differed significantly (F(1,29) = 63.665,

p\ 0.001, Tukey’s test p\ 0.001) from the other species

tested, whereas no significant differences were observed

among the nine other species.

Coral Reefs



The mean DFo(2 h) values of all the species were higher

than zero, except Porites astreoides in which a major

significant increase in Fo occurred during the night (Fig. 3).

The increase in Fo during the night led to a very high

negative value of DFo(2 h) (- 108.64% ± SD 21.48) sig-

nificantly different from all other species (F(1,29) = 28.788,

p\ 0.001, Tukey’s test p\ 0.001). In contrast, Agaricia

agaricites and Porites furcata presented high positive

values of, respectively, DFo(2 h) (21.22% ± SD 19.81) and

(19.09% ± SD 15.58), indicating a marked decrease in Fo

during the dark phase, but these species displayed high

variability. Fm remained more stable than Fo even in

Porites astreoides. DFm(2 h) was positive in all species and

ranged between 5.01% (Orbicella faveolata) and 21.40%

(Agaricia agaricites), indicating a decrease in Fm after 2 h

of adaptation to the dark. No significant differences were

observed in the relationship between the species tested

(KW: v2 = 6.110, df = 9, p = 0.729). This result highlights

the fact that the DYIImax(2 h) dynamics is mainly controlled

by the Fo dynamics in Porites astreoides.

In order to confirm a reduction of the quinone pool of

the PSII during the night, Porites astreoides was exposed

to a moderate light source (150 lmol photons m-2 s-1) for

1 min, at two periods in the night before the PAM satu-

rating flashes were produced (Fm measurement) (Fig. 4).

An increase in Fv/Fm from 0.08 to 0.52 was observed in the

first light period, and from 0.09 to 0.61 in the second light

period. These increases were mainly due to the decrease in

Fo as described above. Then, in the dark, following these

two short light periods, Fv/Fm dropped to previous values.

At the end of the night Fq0/Fm0 increased on exposure to

sunlight and reached 0.69 at 7:45 a.m. (Fig. 4).

The DYIImax(3 min) measured in situ (Fig. 5) was in

agreement with the trends observed in DYIImax(2 h)

(Fig. 2). As observed for DYIImax(2 h), the mean value of

DYIImax(3 min) of Porites astreoides was significantly

higher than all the other species (F(1,29) = 32.472,

p\ 0.001, Tukey’s test p\ 0.001). In all the species tes-

ted, except Acropora palmata (3.56% ± SD 3.30) and

Porites furcata (2.59% ± SD 1.53), the DYIImax(3 min) was

lower than the DYIImax(2 h). For example, the mean

a b

Fig. 1 Dynamics of F (black circle), Fm or Fm0 (white circle) and of Fv/Fm or Fq0/Fm0 (white triangle) in one sample of Porites astreoides (a) and
in one sample of Pseudodiploria strigosa (b) during light dark transitions (dotted line: PAR)



which differed significantly from that in all the other spe-

cies (F(1,29) = 32.472, p\ 0.001, Tukey’s test p\ 0.001)

except S. siderea (- 11.70% ± SD 6.47) (Tukey’s test

p = 0.064).

Because Porites astreoides showed a particular physio-

logical behavior in shallow water, additional measurements

were made at other depths. DYIImax(3 min) of Porites

astreoides was measured in situ at four different depths, 4,

10, 15 and 20 m (Fig. 6). The mean coefficient of light

extinction (Kpar) in the sampling area was 0.07 m-1. No

significant differences between DYIImax(3 min) values were

observed as a function of depth (F(1,11) = 0.234,

Δ

Fig. 2 DYIImax(2 h) (%) corresponding to the percentage of Fv/Fm

variation during the first 2 h of the dark period, measured in triplicate

(mean ± SD) in 10 species of Caribbean scleractinian corals. Data

were obtained from samples collected at a depth of 1 to 5 m. Different

lowercase letters indicate significantly different means (p\ 0.05)

Δ Δ

Δ

Δ

Fig. 4 Effects of a short light phase during the dark period on Fv/Fm

in one sample of Porites astreoides. (Dotted line: PAR)

Δ

Fig. 5 DYIImax(3 min) (%) corresponding to the percentage of Fv/Fm

variation during the first 3 min of the dark period, measured in

triplicate (mean ± SD) in 10 species of Caribbean scleractinian

corals. Data come from samples collected at a depth of 1 to 5 m.

Different lowercase letters indicate significantly different means

(p\ 0.05)
Fig. 3 DFo(2 h) (%) and DFm(2 h) (%) measured in triplicate in 10 
species of Caribbean scleractinian corals after 2 h in the dark 
(mean ± SD). Data were obtained on samples taken collected at a 
depth of 1 to 5 m. Different lowercase letters indicate significantly 
different means (p \ 0.05) between DFo(2 h) (%) values

DYIImax(3 min) value of Porites astreoides was 32.22%, 
which corresponds to a decrease of 15.57 between

DYIImax(2 h) and DYIImax(3 min). In all the other species, the
average decrease between the two DYIImax calculated was 
4.54. Except for the three species of the Porites genus and
Acropora palmata, the other tested species had a negative
DYIImax(3 min). Agaricia agaricites, presented the lowest
mean value of DYIImax(3 min) (- 23.62% ± SD 6.51)



p = 0.870). Considering all depths, the mean value of

DYIImax(3 min) was 32.71% ± SD 6.72.

The SIP protocol was applied to the dark adapted scle-

ractinian corals selected in this work. We observed two

types of responses (Fig. 7). After activation of the mea-

suring light that led to the first increase in fluorescence in

Porites astreoides, we observed a progressive increase in

Fo0 that can be attributed to a reduction of the plasto-

quinone pool. More precisely, after the second saturating

flash, a light-induced plastoquinone oxidation is observed

leading to a decrease of Fo0 just after the flash, which was

immediately followed by an increase of Fo0 due to PQ dark

reduction. Conversely, in Pseudodiploria strigosa, after the

first increase in fluorescence due to measuring light, Fo0

remained stable, pointing to an equilibrium between

reduction and oxidation of the plastoquinone pool due to

linear electron transport between PSII and PSI. We then

classified the two kinds of response of PQ-reduction SIP

response as ‘‘positive’’ or ‘‘neutral’’ (Table 2). The three

species of Porites tested displayed AEF activity while all

the other species tested showed a similar pattern to that of

Pseudodiploria strigosa, indicating no PQ-reduction. A

positive PQ-reduction SIT response was measured in

Porites astreoides at depths of 4, 10, 15 and 20 m. The

decrease in maximum fluorescence observed after several

flashes for both types of SIP responses, can be attributed to

non-phototochemical quenching regulations.

Discussion

In the present study, various protocols were applied dealing

with the physiological regulations of the electron transport

chain of coral-associated Symbiodiniaceae with a focus on

the light/dark transition. Measurements were made in situ

and in freshly sampled corals placed in regulated seawater

tanks, and no difference was observed between the two,

indicating that mechanisms explored here were not affected

by perturbations resulting from handling. The in situ pro-

tocols enabled wide screening of the physiological behav-

ior of corals without being obliged to collect them, while

the laboratory protocols allowed us to explore physiologi-

cal mechanisms in more detail.

An archetypal behavior of the maximum photochemical

quantum yield during the dark phase consists of an increase

in this parameter, due to a decrease in Fo caused by oxi-

dation of the PQ pool (Genty et al. 1989). In the present

study, this behavior was observed in all the species tested

except in Porites astreoides. In this species, the main result

of our experiments was the marked variation in the maxi-

mum photochemical quantum yield after only a few min-

utes of dark exposure. The marked decrease in Fv/Fm was

mainly due to the increase in Fo in the dark phase (Fig. 1),

while Fm remained relatively stable.

There is only a limited literature on the subject of PSII

fluorescence in coral during the dark period. In a previous

work on three species of coral, Acropora millepora,

Pocillopora damicornis and Pavona decussata from the

Great Barrier Reef in Australia (Hill et al. 2012), it was

shown that Fv/Fm display archetypal behavior, as we

observed in nine of the coral species we tested. In another

study on Porites astreoides in Belize (Caribbean Sea),

Warner et al. (2006) observed no reduction in Fv/Fm in the

dark phase. These authors mentioned that their measure-

ments were made in the early morning close to sunrise, but

in a preliminary work cited in the article, they did not

report any differences between morning Fv/Fm values and

those recorded approximately 1 h after sunset. The data we

obtained from the same species showed that Fv/Fm

increased at the beginning of sunset and that very low light

led to a decrease in Fo due to rapid re-oxidation of the PQ

pool (Fig. 1). Warner et al. (2006) probably did not observe

the mechanism we observed because it disappears at very

low light (below 10 lmol photons m-2 s-1) and is there-

fore already suppressed by sunrise. Another possible

explanation for the apparent discrepancy between the two

studies is the diversity within the Symbiodiniaceae com-

plex. Several lineages of Symbiodiniaceae may be present

in the host and may differ depending on environmental

conditions, including depth (Rowan and Knowlton 1995;

Iglesias-Prieto et al. 2004; Reynolds et al. 2008;

Δ

Fig. 6 DYIImax(3 min) (%) corresponding to the percentage variation

in Fv/Fm during the first 3 min of the dark period, measured in situ in

triplicate on Porites astreoides at four different depths (4, 10, 15,

20 m) (mean ± SD)



are mainly represented by Symbiodinium ITS2 type A4

(Reynolds et al. 2008; Hauff et al. 2016). The homogeneity

of the response we observed in P. astreoides suggests that

the same Symbiodinium symbiont occurs in shallow waters

a

b

Fig. 7 Examples of CEP-SIP

responses in a sample of Porites
astreoides (a) and in a sample of

Pseudodiploria strigosa (b)

LaJeunesse et al. 2010; Byler et al. 2013; Pochon et al. 
2015). Nevertheless, several authors showed that the 
Symbiodiniaceae associated with Porites astreoides in the 
Caribbean Sea are quite homogenous in shallow water and



and down to a depth of 20 m (Fig. 6). The complementary

molecular analyses performed during the course of the

present study demonstrated the presence of Symbiodinium

ITS2 type A4 in our samples (Japaud 2017). ITS2 type A4

is commonly reported in symbiotic association with Porites

astreoides and is considered to belong to the ‘‘shallow

water specialist’’ lineage of Symbiodiniaceae (Rowan and

Knowlton 1995; LaJeunesse 2002; Serrano et al. 2016).

The increase in Fo in the dark phase we measured can be

attributed to the reduction of the PQ pool, which is typical

of chlororespiration-like mechanisms, as already reported

in isolated Symbiodiniaceae lineages in culture, and in

coral samples (Jones and Hoegh-Guldberg 2001; Hill and

Ralph 2008; Reynolds et al. 2008). To evaluate the pro-

posed chlororespiration-like mechanism in the Caribbean

coral species, we propose two simple indexes, DYIImax(2 h)

and DYIImax(3 min). Both indexes highlight the particular

PQ dynamics of Porites astreoides in the dark with a very

high value of DYIImax. We assume these indexes can be

used as indicators of chlororespiration-like mechanisms.

We observed that the chlororespiration-like mechanism

was triggered immediately after exposure to the dark, it

appears to be independent of any circadian clock, and brief

exposure to light can interrupt it (Fig. 4). Chlororespiration

is due to the oxidation of carbon reserves, with oxygen as a

terminal electron acceptor using photosynthetic electron

transfer chain by sharing plastoquinone and some stromal

electron carriers (NADPH dehydrogenase, cytochrome b6
fcomplex, terminal oxidase (PTOX)) (Nawrocki et al.

2019). This process, which behaves like an antagonist of

the light reactions of the photosynthesis by consuming O2

and NADPH, is preserved in most photosynthetic lineages

(Nawrocki et al. 2015).

Different enzymes are involved in chlororespiration in

higher plants and algae, and two types of enzymes play a

major role. The first, the NAD(P)H:PQ oxidoreductase

presents two forms, called type I NADH dehydrogenase

(NDH-1) and type II NADH dehydrogenase (NDH-2), that

reduce PQ. NDH-2, a non-electrogenic enzyme (Peltier

et al. 2016), was found in Symbiodiniaceae clade A (genus

Symbiodinium) (Aihara et al. 2016). Because NDH-2 is a

non-electrogenic enzyme, recent evidence suggests it is

primarily involved in PSI-CEF rather than in chlororespi-

ration (Peltier et al. 2016; Aihara et al. 2016). The second

type of enzyme, PTOX (plastid terminal oxidase) takes up

electrons from plastoquinol (PQH2) to reduce oxygen

(Nawrocki et al. 2015). Two types of PTOX (PTOX 1 and

PTOX 2) have been found in Prasinophyceae, Chloro-

phyceae, Bacillariophyceae and Rhodophyta. To our

knowledge, no information is yet available concerning

Symbiodiniaceae. However, Roberty et al. (2014) identi-

fied a PTOX-related sequence in the EST database of

Symbiodiniaceae belonging to clade A (genus Symbio-

dinium) but their results suggest low PTOX activity.

Houille-Vernes et al. (2011) and Nawrocki et al. (2019)

showed that PTOX2 is the main oxidase involved in

chlororespiration in Chlamydomonas reinhardtii and its

absence from K.O. PTOX2 mutant led to the same type of

fluorescence behavior as we observed in Porites astreoides.

The reduced efficiency of PTOX 1 electron flows for oxi-

dized PQH2 compared to those of PTOX2 entail a higher

reduction of the PQ pool and a lower value Fv/Fm in the

dark (Houille-Vernes et al. 2011; Nawrocki et al. 2019).

Even if it is not yet possible to draw a parallel between

studies performed on C. reinhardtii and our results, it is

possible that the singular behavior of Porites astreoides we

observed is due to a difference in PTOX function and/or

activity between species of Symbiodiniaceae.

Almost all current studies on Symbiodiniaceae photo-

biology deal with photosynthesis and the regulation of

photoacclimation mechanisms under high light intensity

(Suggett et al. 2008; Roberty et al. 2014, 2015; Hill et al.

2012; Slavov et al. 2016). Beyond linear electron flow

(LEF) and standard non-phototochemical quenching

acclimation, AEF has been described in many articles and

the absence of state transition regulation has been pointed

out in Symbiodiniaceae (Hill et al. 2012; Kanazawa et al.

2014; Roberty et al. 2014, 2015). Like Reynolds et al.

(2008), we found positive PQ-reduction SIP responses in

the three species of the genus Porites we tested here.

Reynolds et al. (2008) first attributed this regulation to PSI-

CEF and chlororespiration, then Roberty et al. (2014)

showed that the ‘‘Water-Water Cycle’’ (Mehler reaction)

was the main AEF in Symbiodiniaceae lineages ITS2 type

A1, B1, F1, enabling photoreduction of oxygen by PSI

under high light intensity and moderate temperatures

Table 2 PQ-reduction-SIP responses in 10 species of Caribbean

scleractinian corals

Species PQ-reduction SIP response

Acropora palmata Neutral

Agaricia agaricites Neutral

Orbicella annularis Neutral

Orbicella faveolata Neutral

Porites astreoides (2–5 m) Positive

Porites astreoides (10 m) Positive

Porites astreoides (15 m) Positive

Porites astreoides (20 m) Positive

Porites divaricata Positive

Porites furcata Positive

Pseudodiploria clivosa Neutral

Pseudodiploria strigosa Neutral

Siderastrea siderea Neutral



production of H2O2 in P. astreoides in the dark. The

chlororespiration-like mechanism we found could help

reduce or balance the concentration of ROS produced by

the symbiont and (or) originating in the host gastroderm.

The proposed antioxidant capacity of Porites astreoides

in the dark phase will require further investigation con-

sidering the interactions between the photosynthetic sym-

biont and its host. However, it already allows us to explain

the singular physiological mechanism found in Porites

astreoides that probably enhances or at least contributes to

its physiological resistance to current environmental

changes. Our data favor the hypothesis that P. astreoides

present peculiar physiological capabilities thanks to the

symbiosis, which may enhance resilience among the Car-

ibbean reef corals.
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Guadeloupe, p 271

Javier Gonzalez-Barrios F, Alvarez-Filip L (2018) A framework for

measuring coral species-specific contribution to reef functioning

in the Caribbean. Ecol Indic 95:877–886

Jones RJ, Hoegh-Guldberg O (2001) Diurnal changes in the

photochemical efficiency of the symbiotic dinoflagellates (Dino-

phyceae) of corals: photoprotection, photoinactivation and the

relationship to coral bleaching. Plant Cell Environ 24:89–99

Kanazawa A, Blanchard GJ, Szabo M, Ralph PJ, Kramer DM (2014)

The site of regulation of light capture in Symbiodinium: Does the

peridinin-chlorophyll alpha-protein detach to regulate light

capture? Biochim Biophys Acta 1837:1227–1234

Khorobrykh SA, Ivanov BN (2002) Oxygen reduction in a plasto-

quinone pool of isolated pea thylakoids. Photosynth Res

71:209–219

Khorobrykh S, Havurinne V, Mattila H, Tyystjärvi E (2020) Oxygen

and ROS in photosynthesis. Plants 9:91. https://doi.org/10.3390/

plants9010091

Kromkamp JC, Forster RM (2003) The use of variable fluorescence

measurements in aquatic ecosystems: differences between mul-

tiple and single turnover measuring protocols and suggested

terminology. Eur J Phycol 38:103–112

Krueger T, Becker S, Pontasch S, Dove S, Hoegh-Guldberg O, Leggat

W, Fisher PL, Davy SK (2014) Antioxidant plasticity and

thermal sensitivity in four types of symbiodinium sp. J Phycol

50:1035–1047

LaJeunesse TC (2002) Diversity and community structure of symbi-

otic dinoflagellates from Caribbean coral reefs. Mar Biol

141:387–400

LaJeunesse TC, Smith R, Walther M, Pinzon J, Pettay DT, McGinley

M, Aschaffenburg M, Medina-Rosas P, Cupul-Magana AL,

Lopez Perez A, Reyes-Bonilla H, Warner ME (2010) Host-

symbiont recombination versus natural selection in the response

of coral-dinoflagellate symbioses to environmental disturbance.

P Roy Soc B Biol Sci 277:2925–2934

LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD,

Voolstra CR, Santos SR (2018) Systematic revision of Symbio-
diniaceae highlights the antiquity and diversity of coral

endosymbionts. Curr Biol 28:2570–2580

Lesser MP (1996) Elevated temperatures and ultraviolet radiation

cause oxidative stress and inhibit photosynthesis in symbiotic

dinoflagellates. Limnol Oceanogr 41:271–283

Lesser MP (2006) Oxidative stress in marine environments: Bio-

chemistry and physiological ecology. Annu Rev Physiol

68:253–278

https://doi.org/10.1098/rspb.2018.2840
https://doi.org/10.1371/journal.pone.0059596
https://doi.org/10.1371/journal.pone.0059596
https://doi.org/10.1038/ncomms13801
https://doi.org/10.1038/ncomms13801
https://doi.org/10.1098/rspb.2017.1767
https://doi.org/10.1098/rspb.2016.1667
https://doi.org/10.1098/rspb.2016.1667
https://doi.org/10.3390/plants9010091
https://doi.org/10.3390/plants9010091


Levas S, Schoepf V, Warner ME, Aschaffenburg M, Baumann J,

Grottoli AG (2018) Long-term recovery of caribbean corals from

bleaching. J Exp Mar Bio Ecol 506:124–134

Martin M, Sabater B (2010) Plastid ndh genes in plant evolution.

Plant Physiol Bioch 48:636–645

McGinty ES, Pieczonka J, Mydlarz LD (2012) Variations in reactive

oxygen release and antioxidant activity in multiple symbio-

dinium types in response to elevated temperature. Microb Ecol

64:1000–1007

Nawrocki WJ, Tourasse NJ, Taly A, Rappaport F, Wollman FA

(2015) The plastid terminal oxidase: its elusive function points to

multiple contributions to plastid physiology. Annual review of

plant biology 66:49–74

Nawrocki WJ, Buchert F, Joliot P, Rappaport F, Bailleul B, Wollman

F-A (2019) Chlororespiration controls growth under intermittent

light. Plant Physiol 179:630–639

Nielsen DA, Petrou K, Gates RD (2018) Coral bleaching from a

single cell perspective. Isme J 12:1558–1567

Nixon PJ (2000) Chlororespiration. P Roy Soc B Biol Sci

355:1541–1547

Peltier G, Schmidt GW (1991) Chlororespiration - an adaptation to

nitrogen deficiency in chlamydomonas-reinhardtii. Proc Natl

Acad Sci U S A 88:4791–4795

Peltier G, Aro EM, Shikanai T (2016) NDH-1 and NDH-2 plasto-

quinone peductases in oxygenic photosynthesis. Annual review

of plant biology 67:55–80

Pochon X, Forsman ZH, Spalding HL, Padilla-Gamino JL, Smith CM,

Gates RD (2015) Depth specialization in mesophotic corals

(Leptoseris spp.) and associated algal symbionts in Hawaii.

R Soc Open Sci 2. https://doi.org/10.1098/rsos.140351

Ragni M, Airs RL, Hennige SJ, Suggett DJ, Warner ME, Geider RJ

(2010) PSII photoinhibition and photorepair in Symbiodinium
(Pyrrhophyta) differs between thermally tolerant and sensitive

phylotypes. Mar Ecol Prog Ser 406:57–70

Ralph PJ, Gademann R, Dennison WC (1998) In situ seagrass

photosynthesis measured using a submersible, pulse-amplitude

modulated fluorometer. Mar Biol 132:367–373

Rehman AU, Szabo M, Deak Z, Sass L, Larkum A, Ralph P, Vass I

(2016) Symbiodinium sp cells produce light-induced intra- and

extracellular singlet oxygen, which mediates photodamage of the

photosynthetic apparatus and has the potential to interact with

the animal host in coral symbiosis. New Phytol 212:472–484

Reynolds JM, Bruns BU, Fitt WK, Schmidt GW (2008) Enhanced

photoprotection pathways in symbiotic dinoflagellates of shal-

low-water corals and other cnidarians. Proc Natl Acad Sci U S A

105:13674–13678

Roberty S, Bailleul B, Berne N, Franck F, Cardol P (2014) PSI

Mehler reaction is the main alternative photosynthetic electron

pathway in Symbiodinium sp., symbiotic dinoflagellates of

cnidarians. New Phytol 204:81–91

Roberty S, Fransolet D, Cardol P, Plumier JC, Franck F (2015)

Imbalance between oxygen photoreduction and antioxidant

capacities in Symbiodinium cells exposed to combined heat

and high light stress. Coral Reefs 34:1063–1073

Robison JD, Warner ME (2006) Differential impacts of photoaccli-

mation and thermal stress on the photobiology of four different

phylotypes of Symbiodinium (Pyrrhophyta). J Phycol

42:568–579

Romaine S, Tambutte E, Allemand D, Gattuso JP (1997) Photosyn-

thesis, respiration and calcification of a zooxanthellate

scleractinian coral under submerged and exposed conditions.

Mar Biol 129:175–182

Rowan R, Knowlton N (1995) Intraspecific diversity and ecological

zonation in coral algal symbiosis. Proc Natl Acad Sci U S A

92:2850–2853

Saroussi SI, Wittkopp TM, Grossman AR (2016) The type II NADPH

dehydrogenase facilitates cyclic electron flow, energy-dependent

quenching, and chlororespiratory metabolism during acclimation

of Chlamydomonas reinhardtii to nitrogen deprivation. Plant

Physiol 170:1975–1988

Saroussi S, Sanz-Luque E, Kim RG, Grossman AR (2017) Nutrient

scavenging and energy management: acclimation responses in

nitrogen and sulfur deprived Chlamydomonas. Curr Opin Plant

Biol 39:114–122

Schoepf V, Grottoli AG, Levas SJ, Aschaffenburg MD, Baumann JH,

Matsui Y, Warner ME (2015) Annual coral bleaching and the

long-term recovery capacity of coral. Proc. R. Soc. B

282:20151887. https://doi.org/10.1098/rspb.2015.1887

Scibilia L, Girolomoni L, Berteotti S, Alboresi A, Ballottari M (2015)

Photosynthetic response to nitrogen starvation and high light in

Haematococcus pluvialis. Algal Res 12:170–181
Serrano XM, Baums IB, Smith TB, Jones RJ, Shearer TL, Baker AC

(2016) Long distance dispersal and vertical gene flow in the

Caribbean brooding coral Porites astreoides. Sci Rep 6. https://

doi.org/10.1038/srep21619

Slavov C, Schrameyer V, Reus M, Ralph PJ, Hill R, Buchel C,

Larkum AWD, Holzwarth AR (2016) ‘‘Super-quenching’’ state

protects Symbiodinium from thermal stress - Implications for

coral bleaching. Biochim Biophys Acta Bioenerg 1857:840–847

Suggett DJ, Warner ME, Smith DJ, Davey P, Hennige S, Baker NR

(2008) Photosynthesis and production of hydrogen peroxide by

Symbiodinium (Pyrrhophyta) phylotypes with different thermal

tolerances. J Phycol 44:948–956

Takahashi S, Whitney SM, Badger MR (2009) Different thermal

sensitivity of the repair of photodamaged photosynthetic

machinery in cultured Symbiodinium species. Proc Natl Acad

Sci U S A 106:3237–3242

Tolleter D, Seneca FO, DeNofrio JC, Krediet CJ, Palumbi SR, Pringle

JR, Grossman AR (2013) Coral bleaching independent of

photosynthetic activity. Curr Biol 23:1782–1786

Wangpraseurt D, Lichtenberg M, Jacques SL, Larkum AWD, Kuehl

M (2019) Optical Properties of Corals Distort Variable Chloro-

phyll Fluorescence Measurements. Plant Physiol 179:1608–1619

Warner ME, LaJeunesse TC, Robison JD, Thur RM (2006) The

ecological distribution and comparative photobiology of symbi-

otic dinoflagellates from reef corals in Belize: Potential impli-

cations for coral bleaching. Limnol Oceanogr 51:1887–1897

Wooldridge SA, Done TJ (2009) Improved water quality can

ameliorate effects of climate change on corals. Ecol Appl

19:1492–1499

Zhang T, Diaz JM, Brighi C, Parsons RJ, McNally S, Apprill A,

Hansel CM (2016) Dark production of extracellular superoxide

by the coral Porites astreoides and representative symbionts.

Front Mar Sci 3. https://doi.org/10.3389/fmars.2016.00232

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1098/rsos.140351
https://doi.org/10.1098/rspb.2015.1887
https://doi.org/10.1038/srep21619
https://doi.org/10.1038/srep21619
https://doi.org/10.3389/fmars.2016.00232

	Singular physiological behavior of the scleractinian coral Porites astreoides in the dark phase
	Abstract
	Introduction
	Materials and methods
	Measurements in the seawater tanks
	Light--dark transition measurements
	Serial irradiance pulses (SIP) fluorescence response

	Field measurements
	Data analyses

	Results
	Discussion
	Acknowledgements
	References




