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Diversity of cryptic Symbiodinium clades in common coral
genera from Moorea, French Polynesia: faithfulness does not
exclude flexibility
Héloïse Rouzé, Gaël J Lecellier, Denis Saulnier, Serge Planes, Yannick Gueguen, Véronique Berteaux-Lecellier

The adaptative bleaching hypothesis (HAB) states that depending to the symbiotic
flexibility of coral hosts, coral bleaching can lead to a change in their composition of
associated Symbiodinium community and contribute to the coral survival. In order to
decipher this flexibility capacity the combined used of different molecular tools that
privilege phylogeny and low-detection level of coral associated Symbiodinium are required.
Here we used the highly sensitive qPCR technology to assess whether undescribed cryptic
symbionts (in low abundance) are present in five common coral species of Moorea (French
Polynesia), previously screened with conventional molecular methods. As usual, each coral
species were characterized with a strong faithfulness to a particular clade(s), whatever the
environment. But more unexpected, we showed that each of the five species harboured at
least one additional Symbiodinium clade (among clades A-D), including the clade B,
recorded for the first time as a coral symbiont in French Polynesia. Each of the clades A-D
was detected at least once at a cryptic level that could play a role in the HAB proposed
‘shuffling’ mechanism. These results increased the census of the different
coral-Symbiodinium patterns and revealed the current underestimation of the ability for
corals to associate with a range of clades. Altogether our data highlight that corals have to
deal with two opposite trade-offs: optimizing the symbiosis with faithful clade(s) and
maintaining the ability to harbour different clades, making possible shifts of their
Symbiodinium community face to environmental changes.
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ABSTRACT

The adaptative bleaching hypothesis (HAB) states that depending to the symbiotic flexibility of

coral hosts, coral bleaching can lead to a change in their composition of associated Symbiodinium

community and contribute to the coral survival. In order to decipher this flexibility capacity the

combined used of different molecular tools that privilege phylogeny and low-detection level of

coral associated Symbiodinium are required. Here we used the highly sensitive qPCR technology

to assess whether undescribed cryptic symbionts (in low abundance) are present in five common

coral species of Moorea (French Polynesia), previously screened with conventional molecular

methods. As usual, each coral species were characterized with a strong faithfulness to a particular

clade(s),  whatever  the  environment.  But  more  unexpected,  we showed that  each  of  the  five

species harboured at least one additional Symbiodinium clade (among clades A-D), including the

clade B, recorded for the first time as a coral symbiont in French Polynesia. Each of the clades A-

D was detected at  least  once at  a cryptic  level  that  could play a  role  in  the HAB proposed

‘shuffling’ mechanism. These results increased the census of the different coral-Symbiodinium

patterns and revealed the current underestimation of the ability for corals to associate with a

range of clades. Altogether our data highlight that corals have to deal with two opposite trade-

offs:  optimizing  the  symbiosis  with  faithful  clade(s)  and  maintaining  the  ability  to  harbour

different clades, making possible shifts of their Symbiodinium community face to environmental

changes.

KEYWORDS:

Corals; Symbiodinium; clade B; French Polynesia; qPCR; flexibility; generalist; faithful clade
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The foundation of coral reefs is due to the symbiotic association between scleractinian

corals and microalgae of the  Symbiodinium genus. These microalgae are highly diverse, with a

current identification of nine clades (A-I), each of them being partitioning into sub-clades based

on genetic phylogenies  (Pochon, Putnam & Gates, 2014). However, corals are most commonly

associated with clades A-D (Baker, 2003), and in few cases with clades F and G (LaJeunesse et

al., 2010; Putnam et al., 2012; Lee et al., 2016). The microalgae is assumed to provide about 95%

of required energy for coral metabolic activities (Muscatine & Porter, 1977; Davy, Allemand &

Weis, 2012), due in particular to their photosynthetic activity (i.e. carbon products). In return, the

algae benefits  from coral  by receiving protected habitat  from predation in  the tissues,  and a

source of inorganic nutrients derived from host metabolism. However, this successful coral-algal

association can be broken because of various stressors of both natural and anthropogenic origin

(i.e. increasing seawater temperature, ocean acidification, sedimentation  (Pandolfi et al., 2011),

according to the resistance degree of both partners.

Coral species are described according to various biological and functional traits, such as:

(i) morphology (e.g. branching, massive) (Yost et al., 2013), (ii) growth rates, (iii) reproduction

(Baird,  Guest  &  Willis,  2009),  (iv)  gamete  fecundation  (i.e. brooder  or  broadcast  spawners

(Baird, Guest & Willis, 2009), or (v) Symbiodinium acquisition (i.e. vertical or horizontal;  Stat,

Carter & Hoeghguldberg, 2006; Fabina et al., 2012). They are also characterized with different

sensitivities  to  environmental  conditions  which  are  correlated  to  specific  characteristics  (e.g.

morphology;  van  Woesik  et  al.,  2011).  For  example,  massive  corals,  such  as  Porites,  are

described to have higher resistance to environmental stressors (e.g. temperature anomalies; Penin,

Vidal-Dupiol & Adjeroud, 2012). This is shown by lower mortality and/or bleaching rates of

Porites genera,  compared  to  the  rates  observed  for  branching  corals  such  as  Acropora and

Pocillopora  genera.  In  the  same  way,  both  in  situ  (e.g.  Rowan  et  al.,  1997;  Baker,  2003;

Berkelmans & Van Oppen, 2006; Sampayo et al., 2008) and in vitro physiological studies  (e.g.
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Banaszak, 2000; Kinzie et al., 2001; Hennige et al., 2009) suggested that  Symbiodinium clades

are characterized by specific physiological properties which are responsible for their sensitivity to

various environmental conditions.

Within  the  same  coral  colony, a  spatial  partitioning  of  the  different  clades  has  been

observed,  depending  on  the  depth  and/or  on  irradiance  (Rowan  et  al.,  1997).  Moreover,  a

diversity of coral-Symbiodinium associations, including mono or multi-clades associations, have

been described in different coral colonies from a same species or during coral ontogeny (Little,

Van Oppen & Willis, 2004), and/or in various environmental conditions opposing ‘normal’ vs.

‘stressful’ (e.g. seawater temperature anomalies, Berkelmans & Van Oppen, 2006). Symbiodinium

clade D has notably been identified predominantly in resistant coral colonies during and after

massive  bleaching  events,  and/or  more  generally  in  reefs  exposed  to  local  stressors  (e.g.

sedimentation, eutrophication; Van Oppen et al., 2001; Ulstrup & Van Oppen, 2003; LaJeunesse

et al., 2010, 2014; Cooper et al., 2011).  These observations highlighted the importance of the

various coral-Symbiodinium clade associations in thermo-tolerance capacity (Berkelmans & Van

Oppen,  2006;  Stat,  Carter  & Hoeghguldberg,  2006;  LaJeunesse et  al.,  2009).  Therefore  it  is

currently suggested that coral flexibility for new Symbiodinium clade acquisitions may provide an

ecological advantage in the context of environmental changes. This assumption, resulting in a

range  of  various  combinations  of  host-Symbiodinium associations,  is  the  foundation  of  the

‘Adaptive Bleaching Hypothesis’ (ABH;  Buddemeier & Fautin,  1993).  The ABH asserts  that

there  is  potential  for  rapid  ‘adaptation’  of  corals  facing  stressful  conditions  by  a  dynamic

modification of their  Symbiodinium community composition either by i) acquisition of resistant

Symbiodinium clades from free algae present in the environment, ‘switching’, or ii) repopulation

by cryptic pre-existing resistant Symbiodinium clades, ‘shuffling’. In the frame of this hypothesis,

coral flexibility is of upmost importance and its study led to the characterization of two classes of

coral  host,  the  ‘specialist’ (associated  to  a  specific  Symbiodinium  clade)  and the  ‘generalist’
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(associated to multiple Symbiodinium clades; Fabina et al., 2012; Putnam et al., 2012; Silverstein,

Correa & Baker, 2012). 

The development of molecular tools with highly sensitive detection capacities such as real

time  quantitative  PCR (qPCR),  which  is  up to  1000 times  more  sensitive  than  conventional

methods (e.g. cloning, DGGEs, RFLP; Mieog et al., 2007), already suggested that corals may be

more flexible (Mieog et al., 2007, 2009; Silverstein, Correa & Baker, 2012). In the present work,

we used a qPCR approach to assess the  Symbiodinium clade composition (from A to F). Each

Symbiodinium clades  were  quantified  within  the  five  species  of  coral  Acropora  cytherea,

Acropora, pulchra, Pocillopora damicornis, Porites rus and Pavona cactus, representing the four

most common coral genera of Moorea island. These five coral species studied display different

biological  traits  and were characterized with various resistance during local  severe bleaching

events of 2002 and 2007 (Penin, Vidal-Dupiol & Adjeroud, 2012). This study was designed to

estimate the relative abundance of each clade within a host and therefore to distinguish between

cryptic (i.e. a clade present in minority amongst a coral multi-clade pattern) and abundant clades.

Altogether  our  data  showed  that  all  five  coral  species,  ‘specialists’  or  ‘generalists’,  were

associated to multiple Symbiodinium clades. However, despite this flexibility, each coral species

displayed a major specific  Symbiodinium clade association, which therefore led us to introduce

the concept of faithful clade.

MATERIALS & METHODS

Choice of coral species

Five coral species of the fringing reef (0.5-2 m) of Moorea island (Fig. 1) in French Polynesia

(17°30’9S, 149°50’9W) were chosen among the most commonly scleractinian coral genera from

the  Pacific:  Pocillopora  (P. damicornis  type  β  as  described  by  Schmidt-Roach  et  al.,  2014;

Genbank reference xx-xx),  Acropora  (A. cytherea and  A. pulchra),  Porites  (P. rus) and  Pavona
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(P. cactus).  The  differences  in  their  morphologies,  mode  of  Symbiodinium transmission  and

degree  of  sensitivity  degrees  to  environmental  conditions  justified  the  choice  of  the  species

(Table 1).  Acropora  is considered as the sentinel coral genus, being described with the higher

sensitivity to environmental stressors  (e.g. McClanahan et al., 2007; Penin et al., 2007; Penin,

Vidal-Dupiol & Adjeroud, 2012). It was represented with two morphologically distinct species

(branching vs. tabular). Conversely, the genus Porites was chosen for its high resistance to stress

(e.g. Kayal et al., 2012; Penin, Vidal-Dupiol & Adjeroud, 2012), showing high partitioning in

various habitats on the island (i.e. sedimentary bays). Finally, the two other genera, Pocillopora

and  Pavona were  both  considered  to  have  intermediate  degrees  of  sensitivity  (Penin,  Vidal-

Dupiol & Adjeroud, 2012). All coral species were sampled during the dry season between August

and October 2012 (n= 6-27; Table 1), with a bigger sampling effort on P. damicornis, P. rus and

A. cytherea,  also assessed during a spatio-temporal survey (data not shown). Samplings were

executed among five contrasted fringing reefs from the lagoon of Moorea island: Mahareapa

(Ma) and Vaiare (Va) exposed to anthropogenic influence, and Teavaro (Te), Linareva (Li) and

Tiahura (Ti) more isolated from human activities (Rouzé et al. 2015, Fig. 1). 

DNA extraction

Small fragments of corals (0.5-1 cm3),  sampled at  several locations of the top of each

coral colony, were directly broken into a tube underwater and then immediately transferred at the

surface  in  a  new 1.5 mL centrifuge  tube  containing  80% ethanol.  Until  DNA extraction,  all

samples were stored at - 20°C. The ethanol was discarded and the sample gently rinsed with

sterile freshwater to eliminate all trace of the mucus before extraction, in order to target only

Symbiodinium present in the host tissues. 

Total coral DNA (i.e. Symbiodinium, polyp and associated micro-organisms DNAs) was extracted

using  CTAB-based  extraction  protocol  adapted  from Mieog  et  al.  (Mieog  et  al.,  2009).  To
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increase  efficiency  of  DNA extraction,  coral  samples  incubated  in  600 μL extraction  buffer

CTAB 2% (2% CTAB, 1.4 M NaCl, 20 mM EDTA pH 8, 100 mM Tris-HCl pH 8 and 20 µg/mL

proteinase K) were first exposed to 3 cryo-shock cycles (5 min in nitrogen liquid following by 10

min at  ambient  temperature),  and then incubated at  60°C overnight while  rotating.  Next,  the

CTAB  buffer  was  recovered  and  placed  into  new  tube,  in  which  was  added  600 μL  of

chloroform/iso-amyl alcohol (24:1 vol/vol).  The resulting solution was mixed thoroughly and

centrifuged for 15 min at 12000 g (4°C). The aqueous phase was then transferred to a new tube

and mixed with 600 μL ice cold isopropanol and incubated for 20 min at -20°C. After a new

round of centrifugation, the supernatant was discarded and the pellet rinsed with 500 μL of 70%

ethanol. After a last centrifugation of 10 min at 12000 g, the ethanol was removed and the DNA

pellet  air-dried  before dilution  in  100 μL sterile  water  (Sigma).  All  DNA samples  were then

stored at -40°C.

qPCR assay

Symbiodinium quantification

A real-time quantitative PCR assay (qPCR) on nuclear ribosomal DNA gene (rDNA) was

used to quantify the proportion of symbiotic algae in corals. Firstly, specificity, sensitivity and

efficiency of clade-specific primer sets (from A-F) on nuclear 28S rDNA region (Yamashita et al.,

2011) was verified from strain culture DNAs study (i.e. strains from BURR Collection: clade A:

CasskB8, B: Pe, C: Mp, D: A001, E: RT383 and F : Sin). Briefly, seven DNA extracts from strain

culture belonging to clades A-F (e.g. one to two reference strains per clade) were mixed at the

same concentration. A total of 70 ng of this DNA mix per PCR reaction was used to determine the

specificity  and  sensitivity  of  each  tested  Yamashita’ clade-specific  primer  (Yamashita  et  al.,

2011). Efficiency of the qPCR reaction was then determined by tenfold dilutions of the DNA mix.

Secondly, absolute quantification of each Symbiodinium clade (from A to F) was evaluated using
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purified PCR products targeting the ribosomal 28S DNA region from each Symbiodinium clade

culture DNA. PCR products were obtained with universal-clades primer set from Richter  et al.

(2008) for clade A-D and F (~580 bp), and from Wilcox (1998) for clade E (830 bp) and mixed

together at the same concentration. Each  Symbiodinium clade quantification using Yamashita’s

clade-specific primer was converted in 28S copy number from clade-specific standard curves

obtained from serial  10-fold dilutions  of  the mix including the six universal  clade 28S PCR

products (Table S2), initially concentrated at 1 pg per qPCR reaction for each clade PCR products

(equivalent to 1.73.106 copy 28S for clade A-D and F, and 1.21.106 copy 28S for clade E).

Polyp quantification

To  compare  Symbiodinium abundance  between  the  different  samples,  the  relative

abundance  of  each  clade  within  a  host  was  required.  Therefore,  a  polyp  quantification  was

estimated to express a ratio of 28S copy number of  Symbiodinium per copy number of polyp.

Therefore, a region of the coral 18S rDNA was amplified (~100 bp) with universal coral primer

set  (univPolyp-18S  F:  5’-ATCGATGAAGAACGCCAGCCA-3’  and  univPolyp-18SR:  5’-

CAAGAGCGCCATTTGCGTTC-3’). These primers were designed with Primer 3 software from

the 18S rDNA sequence alignment  (276 sequences)  of the 18 coral  species  among the most

abundant genera found in French Polynesia such as Porites, Pocillopora, Acropora and Povona

and of Symbiodinium clades, as negative control. Specificity and efficiency of the polyp primer

set was tested from serial 10-fold dilutions (50 to 5.10-4 ng per qPCR reaction) of a mix of DNAs

from ten coral species at the same concentration. For each coral DNA samples, Ct values were

assigned to an arbitral value of polyp unit, estimating by the 18S copy number using the standard

curve equation  (Fig.  S1b),  in  order  to  be further  able  to  normalize the  quantification of  the

Symbiodinium clades by a same amount of 18S rDNA gene targets (log+1 28S copy number of

Symbiodinium on log+1 18S copy number of polyp). Calculation of Symbiodinium/host ratio (28S
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copy number/  18S copy number)  allowed  the  comparison of  the  proportion  of  the  different

Symbiodinium clades in a coral DNA extract and/or between different coral DNA extracts. 

All qPCR assays were conducted on a MX3000 Thermocycler (Stratagene) using SYBR-

Green. Each reaction was performed, in a final volume of 25 μL containing: 12.5 μL of Brillant®

SYBR Green Master Mix reagent,  2.5 μL of both reverse and forward primers diluted at the

concentration of 4 μM, and 10 μL of DNA at various concentrations for standard curves analysis

or  at  1  ng.μL-1  for  field  samples  analysis  (NanoDrop®  ND-1000  spectrophotometer).  The

following run protocol was performed: 1 cycle of pre-incubation of 10 min at 95°C; 40 cycles of

amplification: 30s at 95°C, 1 min at 60°C or 64°C for the Symbiodinium and polyp respectively,

and 1 min at 72°C; and a final step, for melting temperature curve analysis, of 1 min at 95°C, 30s

at 60°C and 30s at 95°C. Each sample was analysed twice on the same plate, as one technical

replicate, and averaged when the variation between both Ct values was not exceeding 1 (if not,

samples  re-process  until  ∆Ct≤1).  An  interplate  calibrator,  tested  in  triplicate  (one  technical

replicate), was added to set the threshold manually to calibrate and compare between different

plates of coral DNA samples. Positive amplifications were taken into account only when both

technical replicates produced Ct values between the estimated threshold ranges (i.e. sentivity: Ct

limit  of  quantification;  Table  S1)  after  correction  with  interplate  calibrator.  In  addition,  all

melting  curve  analyses  ensured  the  specificity  of  the  amplifications  (Table  S1).  For  new

partnerships  between  Symbiodinium clade(s)  and coral  species  we further  purified  the  qPCR

products (~100 bp) using QiaEx II Gel Extraction Kit (Qiagen GmbH, Hilden, Germany) and

then sequenced in both directions by GATC Biotech (Cologne, Germany).

Statistical analysis

For each Symbiodinium clade, positively quantified in coral DNAs, the symbiont/host ratio datas

(i.e. S/H ratio) were log+1 transformed for further analyses.
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Percentage  of  specificity  (S)  of  specific-clade  primer  sets  was  calculated  according  to  the

formula: S= 1- ∑ (100/2(Cti-Ctx)), where Cti and Ctx are Ct obtained from the specific-clade primer

set and from others specific-clade primer sets, respectively. All the qPCR assays for validation of

the  method were  tested  on  standard  linear  regression  curves  obtained from each  primer  set.

Sensitivity of each clade specific qPCR assay was evaluated by comparing the Ct values obtained

for each standard curves using a same 28S copy number in the reaction. Slopes, intercepts and

Pearson correlation coefficient (R2) were evaluated and compared by pairwise comparisons with

Student’s t-tests. 

Discriminant analysis of principal components (DAPC) on S/H ratios, available for the 5 coral

species,  was  performed  (in  R,  package  ade4)  in  order  to  characterize  their  preferential

endosymbiotic assemblages. Therefore, the discrimination was applied through the coral species

as factor.

RESULTS

Validation and optimization of qPCR assay

For all clade-specific primer sets, the specificity of each qPCR assay was greater than

98% and characterized by a unique melting temperature (Table S1). All clade-specific primers

showed similar  high efficiency with  a  correlation  coefficient  R2 ranging from 95% to  101%

whatever the tests performed either on DNA from Symbiodinium culture strains or purified PCR

products,  and non-significantly different  linear  regression  slopes  of  standard  curves  between

different clade-specific primers (Fig. S1). The threshold of 28S detection for each of the 6 tested

clades  was  inferior  to  200 copy numbers  of  28S gene.  The sensitivity  of  the  clade  specific

primers,  allowed  two  groups  of  primer  sets  to  be  distinguished.  The  intercepts  pairwise

comparisons  (Student’s  t-test,  p<0.05)  between  standard  regression  lines  on  28S  amplicons
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showed earlier detection for primers specific to clades A, B, E and F (i = 16.36±0.39) when

compared with primer clade-specific to C and D (i = 19.83±0.27).

The relationship between Ct values and logarithmic plot from total DNA of corals (mix of

ten coral species DNA samples) yielded to good fit linear regression with an R2 of 0.999 and an

efficiency of 101% (Fig. S1 and Table S1). 

Diversity and flexibility of ‘dominant’ vs. ‘cryptic’ Symbiodinium clades in corals

The three Symbiodinium clades A, C and D (among the clades A-F tested) were detected

at least once in association with each of the five coral species studied, except for P. cactus which

was  never  found  associated  with  clade  A (Fig.  2).  For  some  coral  species  these  detections

revealed still undescribed clade partnerships for Moorea: C for both Acropora species A. cytherea

and  A. pulchra,  D for  P. cactus,  and  A and  D for  P. rus (Table 2).  The  corresponding  clade

sequences obtained on the 28S rDNA portion for these novel coral-Symbiodinium partnerships

revealed the presence of sub-clades: A13, C15, C1, Cx, and D1 (Table 2). In addition, the first

record  of  Symbiodinium  clade  B  as  coral  symbiont  in  French  Polynesia  was  detected  in  P.

damicornis (n=2;  Fig.  2),  systematically  in  low proportions  (<25%, Fig.  2).  The unexpected

positive detection of clade B was ascertained through sequencing with the identification of sub-

clade: B1 (Genbank reference: xxx). Moreover two slight profiles in temperature melting curves

were obtained with specific clade C amplification for P. rus. Their sequences showed that each

profile corresponded to two distinct sub-clades: Cx (Tm~82.95°C; Genbank reference: xx) and

C15 (Tm~83.5°C; Genbank reference: xxx).

The occurrence of the four clades detected A-D led to fifteen possible theoretical patterns

among which nine have been observed, including assemblages of three clades together (Fig. 2):

ACD (A.  cytherea  and  A.  pulchra),  BCD (P. damicornis)  or  ABC (P. damicornis).  The  six

missing possible  Symbiodinium patterns systematically included clade B either as unique clade
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(B) or as additional clade (BA, BC, BD, BAD and ABCD). The quantification of each clade

through the ratio S/H led to an estimation of their relative proportion in the coral host (Fig. 2) and

allowed us to classify them as ‘dominant’ (≥25%)  vs. ‘cryptic’ clade(s) (<25%).  Symbiodinium

clade B, only detected in P. damicornis, was always characterized as ‘cryptic’ whatever the clade

patterns and was systematically associated with at least clade C. All of the three other clades A, C

and D have been observed at least once as cryptic clades, depending on the species and on the

clade pattern. For example, the clade A was ‘cryptic’ in P. rus AC-pattern, while the clade D was

‘cryptic’  in  P. rus CD-pattern.  The  clade  C  was  observed  as  cryptic  clade  only  once,  in

P. damicornis CD-pattern (Fig. 2).

Selective coral-Symbiodinium partnerships

The  discriminant  analysis  of  principal  component  (DAPC;  Fig.  3)  on  the  five  coral  species

showed compositional differences among associated communities of Symbiodinum according to

the clade identity and to their proportion into the host. The first axis (43.9% of total variance) of

the DAPC opposed  Symbiodnium communities characterized with clade D quantity (Pearson’s

corelation: P < 0.001, t=15.7) from communities composed with clade C (Pearson’s correlation:

P < 0.001, t=-21.5) and/or cladeB (Pearson’s correlation: P = 0.01, t=-2.5). Clade D was strongly

representative  of  corals  P. damicornis  Symbiodinium communities  (100%  of  coral  colonies

sampling),  nearly always  appearing  as  unique  clade  (24/27=89%; Fig.  2).  In  contrast,  P. rus

(18/21=85.7%;  Fig.  2)  and  P. cactus (6/7=85.7%;  Fig.  2)  colonies  were  nearly  exclusively

composed  of  mono-clade  C communities.  However,  one  P. cactus  colony was  also  clade  D

associated  (Fig.  2),  underlying  a  larger  variation  range  of  associated  symbiotic  communities

(wide size of discriminant ellipse, Fig. 3). The second axis (24.9% of total variance) of the DAPC

differentiated  Symbiodinium communities  dominated  with  clade  A  (Pearson’s  correlation:

P < 0.001, t=11.4) representative of both species from genus Acropora. These two species mainly
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associated  with  multi-clade  communitities  (A.  cytherea:  81%  and  A. pulchra:  67%) were

distinguished by their second preferential clade in addition to the clade A (Figs. 2, 3):  D for A.

cytherea  (AD and ACD patterns 11/16=68.8%) and  C for  A. pulchra  (AC and ACD  patterns

4/6=66.7%).

DISCUSSION

This study demonstrated the ability for five abundant coral species (A. cytherea,  A. pulchra,

P. damicornis,  P. cactus and  P. rus)  from Moorea to  associate  with any of  the  Symbiodinium

clades A, C and D (over the A to F tested), except for P. cactus never observed in association with

clade A. These results are congruent with previous data describing these 3 clades as the major

clades inhabiting in scleractinian corals (Van Oppen et al., 2005). In contrast, while the clade B

was commonly reported in Caribbean corals (Rowan et al., 1997; Diekmann et al., 2003; Pettay

& Lajeunesse, 2007; Cunning, Silverstein & Baker, 2015) it was rarely reported in corals from

Central Pacific.

This study recorded, for the first time in French Polynesia, the association of Symbiodinium

clade  B  with  corals  (Magalon,  Flot  & Baudry, 2007;  Putnam et  al.,  2012).  It  was  detected

exclusively  as  a  cryptic  population  in  P. damicornis  and  closely  convergent  with  type  B1.

Interestingly, among the rare inventoried Symbiodinium clade B in corals (e.g. LaJeunesse, 2001;

Silverstein, Correa & Baker, 2012; Lee et al., 2016), such an association between sub-clade B1

and P. damicornis was already reported in Hawaii (LaJeunesse, 2001). Moreover it overlaps with

a recent report in Moorea as a symbiotic organism in the nudibranch Aeolidiella alba  (Wecker,

Fournier & Bosserelle, 2015).  Finally, this  finding is highly consistent with the recent study of

Lee et al. (2016), in which the sensitive method of qPCR has enabled the discovery of a rare

Symbiodinium clade  B  (type  B2)  stable-established  in  host  tissues  of  Alveopora japonica.

Therefore, despite the rarity of reports of coral symbioses specialized with Symbiodinium clade
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B, our findings argue in favour of the symbiotic status of this particular clade, however, with the

assumption of low beneficial physiological properties for host survival as they were exclusively

detected at only trace level (e.g. sensibility to thermal stress; Loram et al., 2007).

The qPCR assays revealed that each of the four clades A-D could be detected at least once

at a cryptic level (i.e. low-abundance), leading to unreported partnerships between coral species

and  Symbiodinium clades  (e.g.  P. rus  with  clades  A or  D).  Additionally,  it  is  likely that  the

missing partnerships between P. cactus and clade A or between clade B and Acropora species, P.

rus  or  P. cactus could be due to limits in the sampling effort (i.e. 6 corals sampled), or by a

selective  non-association  from  the  host  species  (Silverstein,  Correa  &  Baker,  2012;  Davy,

Allemand  & Weis,  2012).  The  possibility  for  corals  to  harbour  multi-specific  Symbiodinium

communities  that  involve  cryptic  clade(s)  should  represent  a  relevant  ecological  concern  for

holobiont resistance (Berkelmans & Van Oppen, 2006; Mieog et al., 2007). Indeed, such results

support the potential for dynamic strategies (switching vs. shuffling) described in the ABH, that

could  lead  to  a  rapid  selective  mechanism  of  tolerant  coral-Symbiodinium partnerships  in

response to environmental change (Buddemseier & Fautin, 1993; Baker, 2003). 

Despite the observed variability for the five coral species studied that increases the degree

of  flexibility,  each  of  them  harboured  faithful  partnerships  with  a  specific  dominant

Symbiodinium clade(s). Clade A was exclusively observed (>95%; Fig. 1) in the Symbiodinium

assemblages associated to both Acropora species: A. cytherea and A. pulchra. Similarly, the other

coral species exhibited high selectivity to particular clade(s): either exclusively with C for P. rus

and with D for  P. damicornis, or dominated with C for  P. cactus. These findings were entirely

consistent to those reported in the study of Putnam et al. (2012), and therefore, implied a wide

range of various fringing reefs (Putnam et al., 2012; Rouzé et al., 2015) at different season (i.e.

dry season in this study vs. April: wet season). The few exceptions of these non-respected stable

privileged partnerships for P. damicornis or P. cactus, could be explained by a punctual dynamic
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lost  of  Symbiodinium clade  (Muscatine,  1973; Yamashita  et  al.,  2011),  but  unlikely due to  a

spatial variation in the host colony (e.g. Rowan & Knowlton, 1995) given our repetitive sampling

procedure. These common trends return the current classification of coral species as ‘specialists’

complex  (low flexibility:  specific  to  particular  symbiont(s))  or  ‘generalists’ (high  flexibility:

associated  to  various  symbionts).  To go  further  in  symbiont  richness  in  corals,  similar  fine

molecular  approaches  (qPCR,  next  generation  sequencing;  see  Barbrook,  Voolstra  &  Howe,

2014) should be now performed on a wide range of coral species through large geographical

partitioning.

The stability of coral species with specific dominant clade(s) is congruent with similar

observations of previous temporal monitoring (e.g. Thornhill et al., 2006, 2009; Suwa, Hirose &

Hidaka, 2008; Rouzé et al., 2016). It is likely that the stable partnerships between coral species

and faithful clade(s) are derived from various biological traits (Yost et al., 2013) of coral species

as well as different physiological and ecological attributes between Symbiodinium clades (Kinzie

et al., 2001; Berkelmans & Van Oppen, 2006; Hennige et al., 2009; Baker et al., 2013), and/or to

various life history between reef habitats (Penin, Vidal-Dupiol & Adjeroud, 2012; Howells et al.,

2013a,b). The high resistance of the genus Porites to a variety of stressors should be explained in

part by its stable association with Symbiodinium type C15 (GenBank reference: xx; Putnam et al.

2012): attributed with an evolutionary radiation throughout the Indo-Pacific and to a wide host

range  (LaJeunesse,  2005;  Pochon  et  al.,  2007) and  characterized  as  thermally  tolerant

(LaJeunesse  et  al.,  2003;  Fitt  et  al.,  2009),  even  more  resilient  to  extreme  environmental

conditions compared to other clade C types (LaJeunesse et al., 2003). In this way, the preferential

association of P. cactus with Symbiodinium clade C, but likely type C1 (GenBank reference: xx;

Putnam et al. 2012), should explain its lower resistance to environmental conditions. In the same

way, sensitive branching corals from the genera Acropora and Pocillopora could be explained in

part by their privileged associations with clades A, likely type A1 (Putnam et al. 2012) and A13
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(GenBank reference: xx), and D, likely type D1 (GenBank reference: xx; Putnam et al. 2012),

respectively,  both  previously  reported  in  normal  conditions  as  low  contributors  to  host

metabolism:  growth  and  reproduction  (e.g.  Little,  Van  Oppen  &  Willis,  2004;  Jones  &

Berkelmans, 2010), or nutrition (Cantin et al., 2009; Baker et al., 2013).

The clade faithfulness of coral species likely represents one of the drivers of a stable mutualism,

initially  resulting  from  a  selective  pressure,  that  should  enhance  the  benefits  of  a  specific

symbiosis  by co-evolution  (Douglas,  2008;  Prada  et  al.,  2014).  For  example,  a  recent  study

reported  a  biochemical  complementarity  between  genomes  of  Acropora  digitifera and

Symbiodinium kawagutii  representing clade F strongly indicative of host-symbiont coevolution

(Lin et al., 2015). Interestingly, the specific coral species-Symbiodinium clade(s) observed for the

five  coral  species  appeared  independently to  the  symbiont  transmission  mode (Table  1).  Yet

vertical transmission is supposed to increase the strength and efficiency of a specific symbiosis

(Herre et al., 1999; Lesser, Stat & Gates, 2013), by the development of new cellular processes

such as the retention of symbionts during transmission (Davy, Allemand & Weis, 2012). Such an

evolutionary process should have conduct to the stable association of  P. damicornis and  P. rus

with  mono-clade  Symbiodinium communities  involving  type  D1  and  C15,  respectively.

Compared to the three other coral species,  P. cactus and  Acropora spp., horizontal transmitters,

these two coral species displayed less variable clade patterns dominated with ‘faithful clades’

(Fig. 2). However, it  contrasts with the detection of additional clades, at trace levels, in both

vertical and horizontal transmitting coral species. This should comfort the recent assumption that

low-abundance “background” Symbiodinium populations are not necessarily mutualistic but can

reflect a punctual relative abundance in the surrounding environment  (Lee et al., 2016) such as

non-directionally ingested by polyps leading to ephemeral symbiont shifts  (LaJeunesse et  al.,

2009; Stat et al., 2009). Nevertheless, the exclusive absence of clade F in host tissues of the five

coral species,  despite F being detected in the surrounding environment (data not shown) and
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already described as dominant symbiotic organisms of a coral host (i.e. Alveopora japonica; Lee

et  al.,  2016),  suggest  the  plausibility  of  combined  controlled  process(es).  In  this  way,  two

opposite selection pressures can be co-occuring: i) optimization of the symbiosis with faithful

clade(s) and/or ii) maintenance of the ability to integrate different clades, as a biological process.

Altogether, the findings of this study emphasize the need to further understand whether

those  Symbiodinium  spp. present in low abundance have an ecological role for the holobiont

through time and to consider the process that permits to find them additionally to the stable

symbiosis with dominant faithful clade.
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Figure1  Localization  of  Moorea  island  (Archipelago  of  society,  French  Polynesia)  and  the

locations of the fringing reefs studied in this study (black circle). Locations of previous fringing

reefs  where  Symbiodinium have  been  investigated  in  the  study of  Putnam et  al.  (2012)  are

indicated by cross symbols. Vaiare (Va), Teavaro (Te), Maharepa (Ma), Tiahura (Ti) and Linereva

(Li).
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Figure2  Quantitative composition of different symbiotic patterns observed in association with

ACYT:  A. cytherea,  APUL:  A. pulchra,  PCAC:  P. cactus,  PDAM:  P. damicornis and  PRUS:

P. rus.
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Figure3  Spatio-temporal  multivariate  analysis  of  clade A-D quantifications  converted in 28S

copy  number.  Axis  1  and  2  of  the  discriminant  analysis  of  principal  component  (DAPC)

according to the five coral species: A. cytherea, A. pulchra, P. cactus, P. damicornis and P. rus.
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Table  1  Biological  traits  of  different  coral  species:  A. cytherea,  A. pulchra,  P. cactus,

P. damicornis and P. rus.

Genus Specie N Transmission Morphology Sensitivity
Acropora A. pulchra 6 Horizontal Branching (steel)

High
A. cytherea 16 Horizontal tabular

Pocillopora P. damicornis 27 Vertical branching Moderate

Pavona P. cactus 7 Horizontal folliaced Moderate

Porites P. rus 21 Vertical Massive-branching Low
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Table  2  Comparative  census  of  Symbiodinium clades  and types  associated  to  common coral

species  from Moorea  A. cytherea,  A. pulchra,  P. damicornis,  P. cactus and  P. rus  detected  in

previous report of Putnam et al. 2012 [1] vs. the present study.

Coral species
Previous report [1]  Present study

clade(s) type  clades * type * accession nos 
A. cytherea A, D A1, D1  A, C*, D * C1 xx
A. pulchra A, D A1, D1 A, C*, D
P. damicornis A, C, D DA, A1, C15  A, B*, C, D * B1 B : xx

P. rus C C15 A*, C**, D*
*: A13, D1; 
C15, **:Cx

A :xx, C: xx; D: xx

P. cactus C C1, C3, C45  D* *: D1, **Cx C : xx, D: xx
* novel detected clade from this study
** new type of previously reported clade
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Sequences for submission in GenBank

> Sym B_ isolated from P. damicornis
TCACATGTCGTGCTGAGATTGCTGTGGGTCTTTGTGAGCCTTGAGCATGTAAGCGCAAGCTGACTGCTTA

TG-TGTGAGCATTTACCC-GCAGTGTTTCTCAGCATGCGAG
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