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 Introduction: cnidarians, reinvented zoophytes?

The phylogenetic position of the Cnidarians within the
imals was determined only during the 18th century, by a
edical doctor from Marseilles, Jean-André Peyssonnel,
ho definitively discovered the animal nature of the red

coral [1]. Nevertheless, the name zoophytes (or phyto-
zoans), i.e. a small composite organism with both animal
and plant characteristics (Linnaeus 1758), remained
attached to them until the beginning of the 20th century
because of their morphology of animal-flowers. However,
many traits of their physiology are in agreement with this
term, since almost half of the cnidarians host photosyn-
thetic microorganisms, commonly named zooxanthellae,
conferring them plant properties [2], and leading to the
birth of the concept of holobiont or metaorganism [3]. This
association has not only deeply functionally marked these
organisms, but also shaped an entire ecosystem, the coral
reef, considered as ‘‘an oasis in a desert ocean’’ [4]. Indeed,
coral reefs host, in less than 0.2% of the surface ocean, 30%
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A B S T R A C T

Cnidarians (corals and sea anemones) harbouring photosynthetic microalgae derive

several benefits from their association. To allow this association, numerous symbiotic-

dependent adaptations in both partners, resulting from evolutionary pressures, have been

selected. The dinoflagellate symbionts (zooxanthellae) are located inside a vesicle in the

cnidarian host cell and are therefore exposed to a very different environment compared to

the free-living state of these microalgae in terms of ion concentration and carbon content

and speciation. In addition, this intracellular localization imposes that they rely

completely upon the host for their nutrient supply (nitrogen, CO2). Symbiotic-dependent

adaptations imposed to the animal host by phototrophic symbiosis are more relevant to

photosynthetic organisms than to metazoans: indeed, the cnidarian host often harbours

diurnal changes of morphology to adapt itself to the amount of light and possesses carbon-

concentrating mechanisms, antioxidative defences and UV sunscreens similar to that

present in phototrophs. These adaptations and the contrasting fragility of the association

are discussed from both ecological and evolutionary points of view.
�C 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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f the known marine species [5]. This high biodiversity
upports many ecosystem services, providing food for
lmost 500 millions of people, incomes from the tourism
dustry and coastal protection for a value estimated at

bout 375 billion US$ [6]. Because of both their major
cological and human importance and the threats they
ndergo, Cnidarians have been extensively studied over the
ast two decades. In addition, their scientific interest is
einforced by their phylogenetic position as the sister clade of
ilateria. This chapter presents the state of knowledge in the
apidly growing field of research of coral symbiosis as well as

e ecological and human consequences of its breakdown.

. Cnidarians as holobionts

Described by Brandt at the end of the 19th century [7],
ooxanthellae were referred initially to what was thought

 be a single pandemic species, Symbiodinium micro-

driaticum [8], present in Cnidarians as well as in many
ther hosts (Mollusca, Platyhelminthes, Porifera, Forami-
ifera). With the development of new molecular tools, and
ecently next-generation sequencing, the genus Symbio-

inium was finally divided into nine large groups, or clades,
amed as A to I [9,10]. Each clade is composed of many (up

 258) types (or subclades), as defined by ITS2 sequences
1,12]. Their diversification occurred during the Miocene,

bout 15 millions years ago [13], while coral symbiosis
ppeared during the Triassic [14]. In the 1980s, the concept
oved to one Symbiodinium clade by host and it appears
day that the association is far more complex, with a

ynamic equilibrium between different clades and sub-
lades per host according to environmental conditions [15]
ith occasionally possible parasitic relationship [16]. How-

ver, rarely host and symbiont genotypes have been
nalysed simultaneously, while evidences suggest that the
enetic structuring of the host and symbionts are different
7]. Zooxanthellae are localized within gastrodermal

 endodermal) cells of the corals, surrounded by a host-
erived membrane [18]. They occur at high density

 106 cm�2 of coral surface) within the endodermal cells
f the oral tissue [18,19], and provide more than 90% of the
oral’s nutritional requirements [20].

While zooxanthellae are, by far, the best known coral
ymbionts, the coral holobiont is composed of many
dditional symbionts including protist (Apicomplexa), endo-
thic algae, eubacteria, Archaea, viruses, whose roles are still
oorly known, but may include carbon fixation, nitrogen-
xation and cycling, sulphur cycling, synthesis of anti-
iotics. . . [21]. Endozoicomonas spp. (Gammaproteobacteria,
ceanospirillales) are dominant members of the microbiota
f both tropical and temperate corals, but the presence of
pirochaetales (genera Borrelia, Spirochaeta and Leptospira,
nown to be parasitic in numerous land vertebrates) within
e Mediterranean red coral was recently shown [22].

. From surface recognition to cell-cycle control of the
ymbionts

While some corals transmit their symbionts directly to
eir eggs or brooded larvae (vertical – closed – transmis-

ion), for 85% of them, aposymbiotic larvae or early recruits

must acquire their symbionts from the environment
(horizontal – open – transmission), which necessitates
specific recognition mechanisms. These mechanisms
depend on the corals’ innate immunity system, which is
as complex as that of Vertebrates [23–25]. Recognition as
well as regulation of symbiont population have been
extensively reviewed [26,27]. Briefly, recognition of sym-
bionts may occur in the host mucus involving Symbiodinium

glycans and host Pattern Recognition Receptors (PRR) like
lectins [28,29], but also Toll-like receptors or Complement
C3 receptor [30]. PRR binding to symbiont glycans induces
the endocytosis of the alga and TGFb pathway [31], leading
to symbiont tolerance by inhibition of the maturation of the
phagosome to lysosome by Rab5 proteins. Indeed, addition
of an antibody raised against TGFb resulted in the failure of
the symbionts to successfully colonize the host. At this
stage, incompatible zooxanthellae may be destroyed by
apoptosis/phagocytosis [26].

The number of zooxanthellae by a cnidarian host cell is
regulated to a number between 1 and 12 (average
1.54 � 0.30) depending on species and environment
[32]. The doubling times of zooxanthellae is rapid in culture
(2 to 5 days), while it is between 10 to 70 days in hospite

[26]. However, the mechanisms controlling symbiont bio-
mass are largely unknown. It may involve either post- or pre-
mitotic process: expulsion or apoptosis of excess symbionts,
inhibition of symbiont division (by resource limitation,
intracellular communication, acidification of the vesicle
hosting the symbionts. . .). In Hydra, it has been shown that
the nervous system of the host may control the symbiont
population [33].

4. Holobiont as a super-organism but at a cost

4.1. The partners’ contribution to symbiosis

Symbiosis is a powerful evolutive way to acquire new
metabolic capabilities [34]. Concerning coral, the major
consequence of the symbiosis is the partial autotrophy
(mixotrophy) of the host conferred by the symbionts
[18]. This process explains the Darwin Paradox because a
part of the photosynthates is released in the form of mucus
within the coral reefs at a high rate (about 5 l�m�2�yr),
providing food for the whole reef [35]. In addition,
zooxanthellae absorb coral waste, thus recycling the host
catabolism products, which are re-metabolized by the
algal cell into host reusable compounds. They also play a
major role in the metabolic respiration of coral cells by
supplying to the host energy substrates and oxygen
[36,37]. They stimulate calcification of the host by an
average factor of 3 by a process called ‘‘light-enhanced
calcification’’, whose underlying mechanisms remain
largely debated but may involve either synthesis of
skeletal organic matrix precursors, supply of energy, or
change in the chemical environment [38]. The benefits
gained by the zooxanthellae allow them to protect
themselves from predators as well as to develop in a
stable ‘‘culture medium’’, the animal cytosol, controlled by
animal metabolism, thus reducing their costs for ionic
regulation [39].
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. Constraints as evolutive drivers

Making photosynthesis within an animal cell is not
ithout problem and led to a profound adaptation of the
ology of both partners [39]. We will just give a brief
mmary here. The first one is the constraint of sun
posure to ensure optimal photosynthesis. The resistance

 UV radiation is provided by compounds called
ycosporine-like Amino Acids (MAAs) synthesised by
e symbionts and then transferred to the host [40]. In the
st, the MAAs are then metabolized to up to seven new
rived UV-absorbing compounds, providing the entire
lobiont with an efficient barrier to UV. The second
nstraint concerns the necessity for the host to provide
eir intracellular symbionts with external carbon dioxide
d ammonium for their photosynthetic and metabolic
tivities, as the quantities of NH4 and CO2 produced by the
st and the symbionts are not sufficient [39]. The coral
st uses for this purpose ammonium and bicarbonate
rriers. To optimize the transport and fixation of CO2,
idarian takes benefit of several carbonic anhydrase
forms [41], triggering not only the absorption, but also

e accumulation of inorganic carbon in the symbionts, a
ocess called Carbon-Concentrating Mechanisms or CCM
2]. The third constraint is the production of pure oxygen,
ding to a cellular hyperoxia of about 60% within the

ral cells [43]. Toxic for conventional animal cells,
mbiotic corals developed a large set of antioxidant
fences among them up to seven isoforms of superoxide
smutases and gluthatione peroxidases [43,44] like in
ants, or synthesized a large set of fluorescent proteins
5]. The fourth constraint is the large diurnal pH changes
bout 2 pH units) induced by photosynthesis with the
dy fluids of the host [46,47]. These pH fluctuations are

rectly linked to the inorganic carbon absorption from the
awater in HCO3

– form and the use of the CO2 form in the
otosynthetic processes. To control the intracellular pH,
ecific expression of membrane carriers according to the
te of symbiosis has been demonstrated [48,49]. The
mber of new metabolic capacities developed by the
idarians to deal with the symbiosis constraints demon-
ated their large phenotypic plasticity. That symbiosis
nstraints-preconditioning could then suggest a relevant
gree of tolerance on environmental changes. Recently,
ntura et al. [50] have for example demonstrated that the

trinsic plasticity of a sea anemone allows dealing with
ean acidification, maintaining constant the photosyn-
etic activity despite a modification of the seawater
emistry.

 Symbiosis disruption: biological, ecological and
man consequences

Curiously, although the coral symbiosis tolerates a high
el of oxidative stress and pH fluctuations, it is highly

nsitive to a slight increase in temperature – 0.5 to 1 8C
ove mean SST – such as that produced by global
arming, leading to a disruption of the association.
ithout its zooxanthellae, the cnidarian tissues become
nsparent and, in the case of corals, let show the white

eleton, a process called ‘‘coral bleaching’’. The cellular

mechanisms behind this process are still widely discussed
[51–54], but likely started with a burst of reactive oxygen
species coupled to a defect in the Calvin cycle. The
consequences of the temperature-induced modifications
of the host and symbiont redox state are multiple including
transcriptional modifications, protein and lipid damages
and programmed cell death induction [55–60]. The final
steps of the symbiont expulsion from the host tissues
(i.e. exocytosis, host cell detachment, cell deaths of one or
the two partners) and thus the respective roles of both
partners are also debated and likely depend on the stress
intensity and cnidarian species [54,61,62]. Mass coral
bleaching descriptions started in the 1980s and are
presently increasing, thus highlighting a worrying accen-
tuation of its intensity and frequency [63]. During the
2016, a remote part of the Great Barrier Reef experienced
an extreme mass bleaching event (> 90%), inducing coral
mortalities of about 50% [63] and huge socioeconomic
consequences [64]. Using IPCC projections, it is expected
that in the near future, bleaching events will become
annual and more than 90% of the world’s reefs will be
affected by 2050 [65,66].

6. Conclusion: what is the future of symbiotic
cnidarians?

Cnidarian symbiosis is an integrative field of research
that combines disciplines as diverse as molecular and cell
biology with field ecology, including conservation biology.
This rapidly expanding field relies fundamental research in
evolutionary biology and medical biology looking for new
animal models of oxidative stress and aging [67,68]. As
developed above, adaptation to symbiosis is a fantastic
source of inspiration to understand and to analyse the
processes of co-evolution and molecular interactions
between two eukaryotes and several prokaryotes. Indeed,
the ‘‘Coral Probiotic Hypothesis’’ [69] postulated that the
coral microbiome may evolve so as to improve coral health
and resilience. It is known that certain zooxanthellae
strains facilitate the adaptation of their host to high
temperatures [70]. It has been suggested that through
shuffling of the dominant photosynthetic Symbiodinium

clades within their tissues, some corals have become more
tolerant to seawater temperature increases, thereby
avoiding repeated bleaching events (adaptative bleaching
hypothesis, [61]). While highly debated [62], this has led to
develop a research leading to increasing coral resilience
through host selection or symbiont manipulation, through
a concept called ‘‘Assisted Evolution’’ [71] or Beneficial
Microorganisms for Corals [72]. In addition, encouraging
studies of cnidarian populations submitted to natural
extreme-environmental, as intertidal pools or CO2 vents is
essential to understand the limit of the phenotypic
plasticity of the cnidarians and their host and to consider
the possibility of symbiotic cnidarian adaptations to global
changes. Despite the dynamism of this research area,
future advances will be needed to fully understand the
processes sustaining the fragile interactions and the role of
the all the partners of the holobiont, including viruses
[73]. Thus, a deeper understanding of the molecular and
cellular mechanisms of bleaching is crucial for monitoring
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e health and identifying the more resistant cnidarians.
he challenge of this research will be to ensure a future for
ne of the most important ecosystems of our planet.
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