N

N

Telomere length dynamics in the coral Stylophora
pistillata and in the natural populations of Pocillopora
sp., Porites sp., and Millepora sp. coral genera across 32
island systems of the Pacific Ocean sampled during the
TARA-Pacific expedition

Alice Rouan

» To cite this version:

Alice Rouan. Telomere length dynamics in the coral Stylophora pistillata and in the natural pop-
ulations of Pocillopora sp., Porites sp., and Millepora sp. coral genera across 32 island systems of
the Pacific Ocean sampled during the TARA-Pacific expedition. Cellular Biology. Université Cote
d’Azur, 2020. English. NNT: 2020COAZ6050 . tel-03494311

HAL Id: tel-03494311
https://theses.hal.science/tel-03494311
Submitted on 19 Dec 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-03494311
https://hal.archives-ouvertes.fr

ECOLE DOCTORALE

UNIVERSITE =%
COTEDAZUR‘&?'

SCIENCES DE LA VIE
ET DE LA SANTE

THESE DE DOCTORAT

Etude des variations de la taille des téloméres chez le corail
Stylophora pistillata et dans les populations sauvages des genres
Pocillopora sp., Porites sp., et Millepora sp.
récoltés sur 32 systémes insulaires de 'Océan Pacifique au cours
de I'expédition TARA-Pacifique

Alice ROUAN

Institut de recherche sur le Cancer et le Vieillissement de Nice (IRCAN)

Présentée en vue de 1l’obtention
du grade de docteur en Sciences de
la Vie et de la Santé

d’Université Céte d’Azur

Dirigée par : Eric GILSON

Soutenue 1le : 18 Décembre 2020

“IRCAN @ = R@

DN i Inserm

Institut nationsl

Devant le jury, composé de:
Suzanne Mils, CRIOBE, rapportrice
Evelyne Ségal-Bendirdjian, Université de
Paris, rapportrice

Pat Monaghan,Université de Glasgow,
examinatrice

Maximina Yun, Institut Max Planck de
Dresde, examinatrice

Uri Frank, Université Nationale
d'Irelande, examinateur

Eric Réttinger, IRCAN, examinateur
Etienne Danchin, INRA, examinateur
Didier Zoccola, CSM, membre invité

tara

PACIFIC

20146 - 2018

Fondation
faraocean



Etude des variations de la taille des téloméres chez le corail Stylophora
pistillata et dans les populations sauvages des genres Pocillopora sp.,

Porites sp., et Millepora sp. récoltés sur 32 systémes insulaires de
I'Océan Pacifique au cours de I'expédition TARA-Pacifique

Résumé

La linéarité des chromosomes eucaryotes implique la présence d’une chromatine a
la structure particuliere, appelée télomere, pour contrdler la stabilité du génome et
conserver sa fonction. Des changements dans la structure des téloméres peuvent
déterminer la longévité, la résistance au stress et la susceptibilité de développer
certaines pathologies. Notre compréhension sur la contribution des facteurs
environnementaux sur la longueur des téloméres n’en est qu’a ses balbutiements,
tout comme notre connaissance de la diversité des mécanismes de régulation de la
taille des téloméres dans l'arbre de la vie. Les coraux constructeurs de récifs sont a
cet égard des modéles de choix, leurs conditions de vie fixée les empéchant de fuir
des conditions défavorables et leur endosymbiose obligatoire avec une micro-algue
photosynthétique les exposant a un stress oxydant quotidien. Leurs télomeres ne
sont pourtant que peu étudiés. Dans ce travail de thése, j'ai combiné une large étude
de terrain sur 3 genres de coraux (deux scléractiniaires, Pocillopora sp. et Porites
sp., et un hydrozoaire Millepora sp.) et une étude en conditions contrélées sur
'espece modéle Stylophora pistillata dans le but de comprendre le lien entre la
variation de la taille des télomeéres et I'environnement. J’ai observé que la taille des
télomeéres des coraux ne diminuait pas avec I'age, ni avec la taille des colonies, mais
qu'une rupture de la symbiose induite a [I'obscurité pouvait induire un
raccourcissement des télomeres. J'ai aussi montré que des espéces avec des
stratégies évolutives différentes avaient des régulations de leurs tailles de téloméres
différentes, le genre Pocillopora sp. étant contraint a la fois par la génétique et
I'environnement tandis que le genre Porites sp. démontrant un incroyable maintien
de la taille des téloméres en dépit des variations génétiques ou des catégories
d'environnements. Cependant, malgré leurs différentes stratégies, la taille des
téloméres des deux genres étaient négativement corrélées aux variations
environnementales, mettant a jour ce parametre comme crucial et potentiellement
perturbateur des mécanismes de maintien de la taille des téloméres.

Mots clés
Téloméres, Coraux, Stress, Environnement, Changement climatique



Telomere length dynamics in the coral Stylophora pistillata and in the
natural populations of Pocillopora sp., Porites sp., et Millepora sp. coral
genera across 32 island systems of the Pacific Ocean sampled during
the TARA-Pacific expedition

Abstract

The linearity of eukaryotic chromosomes requires the presence of a particular
terminal chromatin structure, named telomere, to control the stability and function of
genomes. Changes in telomere structure during life can determine longevity, stress
resistance and disease susceptibility. Our knowledge on the contribution of
environmental factors on telomere length (TL) variability remains at its infancy, as
well as the diversity of telomere maintenance mechanisms and ageing strategies
existing in the tree of life. In this regard reef building corals are an interesting but yet
poorly investigated model to tackle the question of telomere response to
environment. Indeed those long lived animals cannot escape external environmental
stressors due to their fixed life mode nor internal ones due to the symbiosis, within
their gastrodermal cells, with a photosynthetic microalgae. Here | combined an
extensive field case study on 3 coral genera (two scleractinians, Pocillopora sp. and
Porites sp. and the hydrozoan Millepora sp.) as well as controlled conditions test on
the coral model Stylophora pistillata to unravel the possible links between telomere
DNA length variation and environmental stress. | found that an absence of TL
shortening with age and size in all the investigated corals. | observed a possible
impact of dark induced bleaching on TL and different TL dynamics in wild
populations. Pocillopora sp. mean TL is constrained both by genetic and
environment while Porites sp. has a remarkable ability to maintain its TL regardless
of size, genetic and some environment disturbance. Yet both of genera TLs were
negatively correlated with seasonal deviations, identifying this environmental
parameter as a factor overcoming TL maintenance in genera with different TL
dynamics and life-history strategies.

Keywords:
Telomere, Coral, Stress, Environment, Global Change



A ma meére et ma grand-mere pour m’avoir transmis leur force et leur détermination et a ma sceur

Marguerite et mes freres Toni et Félix pour me donner envie de regarder vers demain et comprendre

un peu mieux le monde.




Avant propos

Every expedition weathered its storms and pitfalls but finally came back with more
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Chapter I-Introduction

1. Telomeres

1.1. Discovery of telomeres

The name telomere was first given by Dr. Muller in the late 1930s from his
work on fruit fly Drosophila melanogasters chromosome, compaction form of the
DNA, when he realized that chromosome ends were less likely to experience fusion
than X-ray induced double strand breaks (Muller, 1938). At the same time working
on maize development Dr. McClinton discovered that during meiosis, the cellular
division of diploid cells into haploid reproductive cells, called gametes, a broken
chromatid ends could fuse with its sister chromatid and create a bridge that would
prevent chromatid separation during anaphase and lead to chromosomal
aberrations. They conceptualize that chromosomes must be capped at their ends, by
what they expected to be genes at that time, to prevent chromosome fusion. It's only
in 1978 with the work of Dr. Blackburn and Gall on the ciliate Tetrahymena
thermophila that the first telomeric sequence was described, not as a gene but as a
tandemly repeated non-coding sequence, (TTGGGG)n (E. H. Blackburn and Gall
1978). The human telomere sequence was described by Moyzsis et al. in 1988
(Moyzis et al. 1988). Interestingly this sequence has been shown to be highly
conserved among Metazoans (Fig1:A) with exceptions for nematodes and
arthropods (Traut et al. 2007; Sinclair, Richmond, and Ostrander 2007). Human
telomeric sequence (TTAGGG)n is oriented 5’-->3’ and is therefore called the G-rich
strand while its complementary strand (AATCCC)n is the C-rich strand (Fig1:B).
Telomeric sequence strands in humans are asymmetric with the G-rich strand being
longer and forming a 3’ overhang, chromosome ends are therefore not blunt.

Muller and McClincton conceptualize the idea of “capped” chromosome ends
within the concept of telomere and indeed a protective protein complex, the shelterin,
composed (Fig1:C) of 6 proteins in human (TRF1, TRF2, TIN2, TPP1, POT1 and
RAP1) (de Lange 2005; Giraud-Panis et al. 2013). This complex is bound to
telomere DNA sequence to ensure its protection from repair machinery that would
recognize it as a DNA damage. Telomeric-repeat binding factor 1 and 2 (TRF1 and
TRF2) directly bind the duplex telomeric DNA repeats,Protection of telomere 1 (
Pot1) to single stranded telomeric DNA, while TRF1-interacting nuclear factor 2
(TIN2) and TPP1 form a protein bridge between the double and single stranded parts
of telomeric DNA. RAP1 is associated with TRF2.

The repeated characteristic of telomeric sequence enables the G-rich 3’
overhang to fold back and hybridize with the complementary C-rich sequence of the
upstream double strand, forming a protective structure called T-loop (Griffith et al.
1999) (Fig1:D). Moreover the high percentage of guanine in the telomere repeat
sequence from the G-rich strand is conducive for G-quadruplex formation that is
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another protective structure for telomeres (Griffith et al. 1999; Parkinson, Lee, and
Neidle 2002) (Fig1:D).
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Figure 1 : Telomere sequence and capping. (A) Telomere sequence in Metazoa from (Traut et al., 2007, Fig.14), (B) Human
telomere sequence and 3’ overhang. (C) Mammals shelterin protein complex association at telomeres and (D) G-quadruplex
telomeric structure, telomere loop (T-loop) both from (Giraud-Panis et al., 2013)

1.2. Regulation of Telomere Length

Telomeric sequences being the end of chromosomes they are more likely to
be recognized as breaks and should therefore be protected to avoid chromosome
end-to-end fusion. We have seen that the shelterin complex is doing so by capping
telomeric sequences, moreover some secondary structures such as T-loops or G-
quadruplex can prevent recognition by the DNA repair machinery proteins.

Telomere structure prevents chromosome fusion to ensure proper
chromosome segregation at the anaphase of mitosis, cellular division, but it also
protects coding regions from erosion by the “end replication problem”.

1.2.a. End replication problem

To build multicellular organisms from a unique zygotic cell, cell proliferation, or
doubling, is necessary. It takes place through cell division, a mechanism called
mitosis, where a mother cell will divide in two equal daughter cells. To ensure the
inheritance of the same genetic information encoded in DNA the mother cell is
copying DNA strands through DNA replication. This process is in part carried out by
a family of DNA polymerase enzymes that read one of the DNA strands from 3’ to 5’
and use it as the matrix to generate a new complementary strand. This requires the
opening of the DNA double strand helix through a replication fork that is moving
along with the replication of the leading strand. The opposite strand, lagging strand,
is generated in the opposite direction of the replication fork movement. It generates
small fragments, Okazaki fragments, of RNA primers (10 nt) and DNA that will be
ligated together after removal of RNA primers. The leading strand is continuous and
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supposed to fully replicate the template strand to its 5 end. But because of the
telomere asymmetry with the 3’ overhang being longer, the replication of the leading
strand even being complete leads to the synthesis of a shorter 3’ end that is based
on the 5’ template. The lagging strand on the other hand, is fragmented and not able
to replicate the extreme 3’ end of the template strand (Ohki, Tsurimoto, and Ishikawa
2001). If the parental DNA is a 3’ overhang, like in the cells of many organisms, the
end replication problem concerns the leading strand due to its inability to fully
duplicate the parental 3’ overhang (Ohki, Tsurimoto, and Ishikawa 2001; Lingner,
Cooper, and Cech 1995) (Fig2:A). This enability of DNA polymerases to fully
replicate the extremities of the linear chromosomal DNA is leading, in the absence of
counter balance mechanism, to telomere attrition at each round of cell division (Zou,
Gryaznov, et al. 2004).
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Figure 2: End replication problem and telomerase steps for telomere lengthening. (A) End replication problem
from (Lingner, Cooper and Cech, 1995). (B) Telomerease lengthening telomere process from (Blackburn et al.,
2015, Fig2).

1.2.b. Telomere lengthening mechanisms

To prevent telomere erosion caused by “end replication problem” over cellular
division several mechanisms are able to lengthen telomeres sequence and balance
their attrition. The most famous one is achieved by the ribonucleotide enzyme
telomerase, composed of a reverse transcriptase subunit (TERT) and a RNA
template (TERC) that is able to bind to telomeres and elongate them (Fig2:B).
Telomerase was discovered in the ciliate Tetrahymena by Greider and Blackburn in
1985 (Greider and Blackburn 1985). Telomerase activity repression starts in most
human somatic cells during development (Wright et al. 1996) and follows during
adulthood except in germline and stem cells where it prevents telomere shortening
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(Wright et al. 1996; Lee et al. 1998). Telomerase gene is conserved among
Metazoan but the enzyme activity regulation is highly species dependent (Gomes et
al. 2011), and isn’t only telomere dependent. Its non-canonical functions, telomere
independent, have received less attention but are of importance as its transcription
factor activity can modulate key signaling pathways (Ségal-Bendirdjian and Geli
2019).

Some recombination based mechanisms known as alternative lengthening telomere
(ALT) mechanisms have been shed in light and can lengthen telomeres in the
absence of telomerase, but their occurrences in human cells is low (Gilson and Géli
2007; Cesare and Reddel 2010; Zhang et al. 2019).

1.3 Telomere and longevity
1.3.a Telomere and cell proliferation

Telomere length has been reported to decrease with time in human cells
(Fig3:A) (Harley, Futcher, and Greider 1990; Levy et al. 1992) and has been
proposed to be part of a mitotic clock (Vaziri et al. 1994). Indeed excessive telomere
shortening will result in unprotected DNA’s ends and will trigger DNA damage
response leading to growth arrest, replicative senescence, and eventually
programmed cell death, apoptosis (Harley, Futcher, and Greider 1990; Zou, Sfeir, et
al. 2004). In the meantime this process is preventing cancer by limiting cell
proliferation (Artandi and DePinho 2000). Telomere attrition has been proposed to
explain the Hayflick’s limit (Shay and Wright 2000). In 1961 Hayflick and Moorhead
(Shay and Wright 2000; Hayflick and Moorhead 1961) observed a decrease of in
vitro human fibroblasts doubling with time before they entered a non replicative stage
that will further be described as senescence. Hayflick’s limit is the finite number of
divisions that non immortalized in vitro cells can experience before entering in
replicative senescence. This phenomenon has been described in several tissues and
even if telomere length dynamic is tissue specific in humans the decreasing trend
with age appears to be conserved (Fig3: B,C)(Demanelis et al. 2020).

Telomere homeostasis is therefore a key mechanism which leads to
premature ageing or cancer when disrupted (Ye et al. 2014a; Aviv and Shay 2018)
and has been listed as a hallmark of ageing (L6pez-Otin et al. 2013).
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Figure 3: Telomere length decrease with age in human cells and tissues (A) Telomere
length (kb) decrease upon in vitro cellular doubling in human fibroblast from (Harley et al., 1990,
Fig2). (B) Telomere length (kb) in different tissues and in different donor age group form (Vaziri
et al,, 1994, Fig1). (C) RTL (Relative Telomere Length) depending on donor age in different
human tissues (colors) from (Damenalis et al., 2020, Fig3). (D)

1.3.b Telomere and ageing theories

In the early 1890 Weismann developed a theory of a programmed ageing that
would limit lifespan to increase the survival of the species over the individual.
Following the same idea Kirkwood elaborated the soma/germline theory of ageing in
which an organism's goal is to ensure the reproductive success of the species and
therefore protect the germline while somatic cells are disposable and perishable
(Kirkwood 1977; Kirkwood and Holliday 1979).

Other theories are also based on an accumulation of damage but that arise or
from an exhaustion of metabolism machinery, which can be rescue or delayed by
low caloric diet (Harman 1992) or from an accumulation of errors, whether in the
DNA (Medawar, 1952) whether at the transcriptional or translational level leading to
proteins dysfunction (Orgel 1973), or even at every molecular level where each error
adding to the other will create a deleteriome that will lead to ageing (Gladyshev
2016). Ageing has also been theorized to be the consequences of antagonistic
pleiotropic genes, genes that would have a beneficial effect early in life but would be
detrimental later on (Williams 1957).
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Besides current debate in the field of ageing to figure out the causes, evolutionary
origins and mechanisms at stake, telomeres are ancient and evolutionary conserved
structures that guard the genome from being cut and balance cell proliferation.
Therefore, telomere length dynamics in wild population studies in a wide variety of
taxon are key elements to unravel the evolution of ageing and the role of telomeres
in preventing it or triggering it.

1.3.c Telomere shortening rate, lifespan and natural
variation

Telomere length shortening rate seems negatively correlated with lifespan in
vertebrates (Bize et al. 2009; Whittemore et al. 2019), with species experiencing fast
telomere shortening having a shorter lifespan than the ones with a slow telomere
sequence attrition, regardless of their absolute telomere length. For example within
rodents a lot of species have long telomere, like the house mouse and the norway
rat with a mean TL ( ~50kb) but a short lifespan (4 years old and 5 years old) while
humans have mean TL of (~9kb) are living much longer (~73 years old) (Gomes et
al. 2011; Gorbunova, Bozzella, and Seluanov 2008).
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Figure 4 : Telomere length variation in individuals and between wild population. (A) Leukocyte relative telomere length
from 11 Ovis aries sheep individuals measured along their life, each color and symbol combination represents an individual, from
(Dugdale and Richardson, 2018, Fig3, with data from Fairlie et al., 2016). (B) Histogram of telomere length (kb) frequency in wild
populations of C. elegans from (Cook et al., 2016). (C) Boxplot of telomere length (kb) variation in Arabidopsis thaliana ecotype
(4 to 17 individuals per accession ID) statistically compared to the Col-0 population (Tukey’s HSD) (*)0.005<P<0.05, (***)
P<0.005) from (Abdulkina et al., 2019)

But if telomere shortening rate is variable between species it is also between
individuals of the same species (Fig4:A)(Dugdale and Richardson 2018). This
individual telomere length variability in organisms sharing the same chronological
age, time since they were born, has been conceptualized as biological age, the
distance from reaching an ageing triggering checkpoint. It has raised a concern on
telomere length regulation, among them the question of the genetic determination of
telomere length and its shortening rate, compared to the effects of environment and
lifestyle (Monaghan and Haussmann 2006).
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Telomere length variation in wild populations of nematode Caenorhabditis
elegans, (Fig4:B) is largely due to a genetic factor, a nucleotide mutation in POT2
gene, the homologous of human POT-1 protein (Cook et al. 2016) and in the plant
Arabidopsis thaliana different genetic populations can exhibit a telomere length
variation (Fig4:C) (Abdulkina et al. 2019).

But telomere length dynamics is also sensitive to stressors and the
individual's environment. In humans it has been shown that poor early life conditions
resulted in individuals with shorter TL later in adulthood than the control group
(Kananen et al. 2010; Shalev et al. 2013). In (Fig4:A) individuals from a female
sheep Ovis aries cohort were experiencing greater TL loss, early in life (Fairlie et al.
2016; Dugdale and Richardson 2018) and it was shown by (Nettle et al. 2017) that
early life nutritional restrictions were deleterious in the european starling Sturnus
vulgaris, shortening telomeres and increasing DNA damage. Furthermore it has
been demonstrated in the long lived bats, Myotis myotis, through a longitudinal study
that individuals TL variations were more correlated to environment than heritability
(Foley et al. 2020a).

Environment and efforts to compensate for the lack of positive environmental
conditions, or parental care for early life steps, increase the rate of telomere
shortening in early life for many species but also in adults. In (R. C. Young et al.
2017) they investigated the diving behavior of a sea bird, the thick-billed murre Uria
lomvia, and found that individuals that were spending more time diving in winter were
experiencing greater telomere loss. Hence increased effort is linked to shorter
telomeres and lifespan. Signals transduction underlying those environmental effects
are far to be fully understood but one mechanism that is linked to telomere attrition
through DNA damage is the production of reactive oxygen species (ROS). Indeed
they found an increase of oxidative damage in ((Robin et al. 2020; R. C. Young et al.
2017) linked to telomere attrition and recent work have shown that even in human
somatic non dividing cells ROS could lead to telomere shortening (Robin et al. 2020)
reinforcing the analysis on multiple stressors impact performed in (Chatelain,
Drobniak, and Szulkin 2020) that unraveled the correlation between telomere length
attrition and ROS production.

Telomere length decreases with time and this attrition rate is linked to species
lifespan. Genetic determinants of absolute telomere length inheritance or telomere
protection introduce variability among individuals telomere length attrition over time.
So do environmental factors that through metabolic stress can influence telomere
attrition rate. However, our knowledge on telomere length variation and maintenance
is majoritarly based on vertebrates studies in which most species experienced
ageing while it remains unclear for invertebrates such as cnidarians from which
some species are claimed to be immortal.
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2. Cnidarians
2.1 Diversity, synapomorphy and phylogeny

Cnidarians arose (~800-750) million years ago (MA) (dos Reis et al. 2015),
after Ctenophores (Li et al., 2020) and Sponges (Simion et al. 2017), and host 13
300 known aquatic species. Cnidarians are the sister group of bilaterians (Fig5:A),
they shared a common character, synapomorphy, in the presence of stinging cells,
cnidocyte, that contains a specific organite, nematocyst or cnidocyst, with an
invaginated harpoon that is release upon mechanical or chemical signal and use for
predation or defense (McAuley, Thorington, and Hessinger 2020). Nevertheless this
aquatic group diversity of morphology, lifestyle and reproduction is tremendous.
Cnidaria are divided in Anthozoa, fixed, sessile, organisms and Medusozoa, animals
with an ancestral jellyfish stage in their life cycle (Zapata et al. 2015; Kayal et al.
2018).

In Medusozoa the asexual life stage is ensure by a colony of polyps, called
zooids, with separated functions, usually polyps colony have a sessile life mode but
some, like Siphonophores, are free living planctonic colonies (Munro et al. 2018). All
the zooids are linked together by a stolon and form a colony. They are named
according to their functions, the most frequent ones are gastrozooids, feeding
polyps, and gonozooids, reproductive polyps producing the sexual life stage, the
jellyfish (Houliston, Momose, and Manuel 2010). The medusa is carrying the gonads
and is releasing the gametes in the water column, oocyte and spermatozoids, to
achieve sexual reproduction, depending on the species medusae can be
hermaphrodites or gonochorique (Leclere et al. 2012; Gold et al. 2019; Khalturin et
al. 2019). After fertilization a swimming larvae, called planula, will remain couple of
hours or days in the water column before undergoing metamorphose on a substrate,
rocks, sea bed, algae, etc, to give rise to the primary polyp that will grow clonal
secondary polyps to generate a new colony (Figs:B). The medusa formation,
morphology as well as zooids colony organisations are specific traits to medusozoa
branches.
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Figure 5 : Simplified cnidarian phylogeny and life cycle. (A) Phylogenetic tree showing Cnidaria position in the
Metazoa phylogeny. Cnidaria is the Bilateria sister group and is divided in Anthozoa (anemone and corals) and
Medusozoa from which only Hydrozoa and Scyphozoa classes are represented. (B) Simplified lifecycle of Cnidaria.
Fertilization of an oocyte by a spermatozoids, gamets, will give rise to a swimming ciliated planula larva that will settle
on the substrate to undergo metamorphosis. Primary polyp will grow other polyps to form a polyp colony that will
spawn gametes in the water column in Anthozoan (pink), or that will produce medusa in Medusozoan (blue). In
Medusozoan the medusa stage is the reproductive stage that will spawn the gametes in the water column.

Anthozoans on the other hand, do not have medusa stage and their
dispersion is ensured by the gametes release in the water column and the planula
larval stage (Thompson et al., 2018). They are composed of polyps that are able to
perform feeding, defense and reproduction function. They are divided based on their
symmetry, between octocorals (hosting the red corals) and hexacorals. Within
hexacoralia we can find sea anemonea mostly composed of solitary polyps that
perform sexual reprodcution or asexual one by fission, laceration, etc...(Geller,
Fitzgerald, and King 2005). Reef building corals belong to scleractinians, an order of
hexacorallia, they are composed of colonial polyps linked together by a stolon.
Reproduction modes are quite variable in corals and will be developed later.

2.2 Polyp structure and symbiosis
2.2.a General polyp structure

A polyp is composed of two embryonic layers, an epidermis and a
gastrodermis (Fig6:A). A mouth surrounded by tentacles covered in cnidocyte, allows
it to catch some prey and feed or defend itself. The gastrodermal cavity, coelenteron,
is linked between polyps by a stolon also called coenosarc. The gastrodermis tissue
layer is forming structures called mesenteries that are following the body symmetry
(a multiple of six in Hexacorallia). Coral polyps can feed using their stinging cells,
cnidocytes, located on their tentacles to catch some prey and bring them to the
mouth to be digested by the mesenteries. Coral polyps are able to produce a
calcareous skeleton through a modified and specialized basal epidermis, called
calicodermis (S. Tambutté et al. 2011).
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The coenosarc is producing a flat and smooth skeleton while polyps are
building a cavity, the calyx, with septa separating mesenteries. It has a species-
specific morphology (J. (charlie) E. N. Veron and John (charlie) E 2011). Polyps
bodies being soft and fragile, those calyxes allow them to retract inside as a defense
mechanism against predators or during colony fragmentation carried through waves
or hitting objects. It also offers a protection against dryness for shallow corals that
are exposed to air in intertidal zones. However, this skeleton secretion requires an
energy cost that coral polyps do not easily cover with their predation, mostly in
waters with low concentration of prey. Polyps being sessile, they cannot chase their
prey and the establishment of a symbiosis have allowed them to overcome this
issue.
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Figure 6 : Schematic coral polyp structure and tissue organization. (A) Scheme of a longitudinal view of 2 polyps
from a coral colony. Tentacles are surrounding the mouth and can be used to catch preys or defend against predators
thanks to specialized stinging cells (cnidocyte). The mouth is used to bring the food to the gastric cavity, coelenteron
where the mesenteries (in green) will digest it, or to spawn the gametes during reproduction events. Polyps are
oriented through an oral/aboral axis. The tissue layers are displayed in colors based on their developmental origins,
gastrodermis is in green, epithelium is in pink and the aboral epithelium that specialized in skeleton secretion,
calicodermis, is in dark pink. Polyps are linked by a cavity called coenosarc. (B) Scheme of polyp tissue organization,
epithelium cells and cnidocyte from the oral ectoderm, epithelium, are in blue separated from the oral endoderm,
gastroderm, by a mesoglea. Oral endoderm are represented with photosynthetic endo-symbionts, called here
zooxanthella. The aboral endoderm is separated by a mesoglea from the aboral endoderm, also called calicodermis,
that is secreting the calcareous skeleton from (Tambutté et al., 2011)
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2.2.b Symbiosis

Coral polyps have evolved a mandatory intracellular symbiosis with a
photosynthetic unicellular algae that belongs to Symbiodiniaceae. Symbiodiniaceae
are part of the alveolata group that includes toxoplasma parasites and tetrahymena
(Keeling and Palmer 2001), first organism in which the telomere sequence was
described (E. H. Blackburn and Gall 1978). They belong to dinoflagellate and can
have a free living stage and a coccoid form when they lose their 2 flagella to
establish the symbiosis. The symbiosis takes place inside gastrodermal cells in
which one or several algae can be hosted. Seven genera of Symbiodiniaceae,
previously called zooxanthellae, have been described corresponding to previous
clade clustering (Symbiodinium sp., former clade A, Breviolum sp., former clade B,
Cladocopium sp., former clade C, Durisdinium sp., former clade D, Effrenium sp.,
former clade E, Fugacium sp., former clade F, Gerakladium sp., former clade G ),
however the taxonomic position of few Symbiodiniaceae remains to be clarified and
those species are still grouped under clades (T. C. LaJeunesse et al. 2018).
Symbionts from several genera can be found in one coral host depending on its
specificity. Some corals are called specialists as they only establish symbiosis with a
specific species of Symbiodiniacea while others, generalists, can host a patchwork of
symbionts species or genera, in various proportions. Symbionts can be inherited
vertically if they are already inside the oocyte, or horizontally at the larval stage or
later on, after the metamorphosis. In corals, symbionts transmission varies between
species(Simon K. Davy and Turner 2003). The symbiosis offers a shelter, inorganic
nutrients from metabolic waste of the host and access to light for the algae. On the
other hand coral polyps can retrieve the photosynthesis product which enables them
to have access to a constant and sufficient energy supply, and therefore enhance
their skeleton secretion (Gattuso, Allemand, and Frankignoulle 1999). Tropical
waters are usually poor in available nutrients, oligotrophs, and coral symbiosis is
therefore even more important in those areas to provide them the necessary energy
to sustain and grow.

2.2.c Bleaching

When the symbiosis is broken, the loss of the symbionts and their
photosynthetic pigments reveals the white color of the calcareous skeleton visible
over the transparent polyps. That is why this phenomenon is called bleaching
(Fig7:A).

Bleaching can be triggered by increasing sea water temperature, increasing
light intensity or persistent darkness (C. A. Downs et al. 2013; Sully et al. 2019).
Other factors such as hyposalinity (Craig A. Downs et al. 2009), exposure to
pollutants like sun cream (Danovaro et al. 2008) or pathogens infection (Kushmaro
et al. 1996; E. Rosenberg et al. 2009; Y. Rosenberg et al. 2017). Symbiosis
breakdown can occur via symbionts phagocytosis, symbionts exocytosis, host cell
apoptosis, host cell necrosis, or host cell detachment (Fig7:B) (Weis 2008; S. K.
Davy, Allemand, and Weis 2012).
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In the wild if the animal stays bleached for more than a couple of weeks and is
unable to restore its symbiosis by horizontally acquiring new symbionts, it dies. In
experimental conditions if food is provided to the animal it can survive for longer in a
bleaching state but will eventually experience body mass loss, stop of calcification,
growth arrest, polyp mortality, etc...(Lyndby et al. 2020; Gardner et al. 2017). Global
climate change is resulting in global ocean sea surface temperature warming and an
increase in strength and frequency of climatic events thus causing massive
bleaching events and threatening coral reefs all over the world (Fig7:C,D) (Hughes et
al. 2018).
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Figure 7: Bleaching of coral colonies, mechanisms and future threats for coral reefs. (A) Stylophora
pistillata from the Centre Scientifique de Monaco (CSM) (a) healthy (b) bleached. (B) Cellular mechanisms of
coral bleaching over symbiosis breakdown. (M) mesoglea, (S) symbionts, (H) host, symbiosis breakdown can
happen by in situ degradation from the host cell, exocytose of the symbionts or over host cells degradation
either by cell detachment, apoptosis or necrosis, from (Weiss 2008). (C) Sea surface temperature anomalies
over the last 45 years, relative to a 1961-1990 baseline. El Nifio events are represented as red triangles, la
Nifia with blue ones and neutral periods with black squared. from (Hughes et al., 2018, Fig1) (D) Number of
non bleached location (left axis, blue) and cumulative bleaching events (right axis, red) per year for severe
bleaching events (empty circles) to total bleaching events (full circles) from (Hughes et al., 2018, Fig2)

2.3 Coloniality, clonality and growth

The problem in a colonial organsim is that the border between the concept of
clonality, or asexual reproduction, and growth is thin and can overlap. However,
telomere length regulation being linked to cellular proliferation and our study being at
the colony level it is of importance to understand what those mechanisms imply and
the evidence that tips the scale in favour of either of them.

2.3.a General concept

Coral reproduction is prone to generate confusion about sexual and asexual
reproduction. Sexual reproduction in eukaryotes implies a meiosis event and
fertilization of gametes from two individuals. In the case of gonochoric individuals,
with separated sex, this fertiliziation from two different genetic background will lead
to a new and unique combination of genes that will be or deletrious for the new
individual in its environment where it will, most likely, not survive, or beneficial
leading the individual to reproduce and spread its genes among the population. This
natural selection process conceptualized by Darwin is a major driver of species
adaptation and evolution. In hermaphrodites individuals, producing male and female
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gametes, if self fertilization is prohibited, the genetic mixing will be the same as in
gonochoric species. In hermaphrodite individuals with self-fertilization the genetic
mixing will be less important but on the other hand it will increase the fertilization
success, mostly in species with external fertilization, increasing the number of
offspring.

At the cellular level sexual reproduction is performed by cells that have
undergone meiosis, in most metazoan this function is performed by a cellular lineage
that is specified early in life, the germline (Kumano 2015). This early segregation of
the germline from the non reproductive cells, somatic cells, is taking place to prevent
the transmission to the offspring of the mutation accumulation and damage that
occurs in the individual before reaching sexual maturity.

2.3.b Coral reproduction

In corals some species are gonochoric, with separated sex, and release their
gametes in the water column for an external fertilization (Fig8:A) (Kerr, Baird, and
Hughes 2011). Others are hermaphrodites. Within the hermaphrodites some can be
simultaneously hermaphrodite, with one polyp developing male and female gametes
(Fig8:C), and some can be sequential, in space when each polyp produce only one
type of gametes (Fig8:B), or in time when the colony alternates between female or
male during its life (Siebert and Juliano 2017). Moreover fertilization isn’t always
external with the release of gametes in the water columns as some corals are
“brooding” coral, which means they release an already formed larvae rather than
gametes (Fig8:D)(Harrison 2011). This phenomenon can be the result of self-
fertilization in hermaphrodites or of parthenogenesis, division of the oocyte without a
spermatozoid fertilization.

Parthenogenesis is cited as one of the asexual reproduction mechanism of
cnidarians in (Lively and Johnson 1994; Bocharova and Kozevich 2011; Siebert and
Juliano 2017) based on the assumption that larvae with identical genotype than their
mother colonies are produced by asexual reproduction. In corals one of the evidence
underlying this claim is based on data from (Ayre and Resing 1986) where they
interpreted the proportion of planula with the same genotype as their parents colony
(Tubastrea diaphana and T. coccinea corals) as a proof for parthenogenesis.
Nonetheless the genotyped determination based on electrophoresis remains elusive
and therefore inconclusive. In (Yeoh and Dai 2010) they performed genotyping using
microsatellites regions and found identical genotypes between mother colonies and
the brooded larvae of Pocillopora damicornis. The hypothesis of sequential
hermaphroditism in time, with the disappearance of male gonad at the brooding, can
still explain genetically identical larvae and the lack of other cellular and molecular
evidence for parthenogenesis leave this question unsolved.
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Figure 8 : Schemes of the possible reproduction mode in corals. (A) Gonochorism designate
colonies of separated genders that spawn their gametes (spermatozoid or oocyte) simultaneously
(broadcast spawners). (B) Sequential hermaphrodism designate or colonies that will change their
gender during their lifetime (sequential gender) or colonies that will spawn male gametes not as
the same time as female ones to avoid self-fertilization. (C) Simultaneous hermaphrodism
designate a colony that will spawn both gametes, male and female, at the same time which can
lead to self-fertilization. (D) Brooding corals designate corals that spawn the planula larvae,
mechanism underlying it are still unclear but it can be explain or by internal fertilization of an
hermaphrodite colony or parthenogenesis (division of the oocyte) in female colony or
hermaphrodite colony.
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2.3.c Germline and soma in corals

Regarding clonal reproduction it is necessary to get insights from stem cell
determination as well as somatic lineage and germinal lineage specification.

The bilaterian germ line and somatic are segregated early in life to prevent the
inheritance of mutations that accumulate in somatic cells over time. In cnidarian the
limit between stem cell, germ line and somatic cell is still unclear in some groups.
Most of the research had been focusing on hydrozoan model systems (Hydra sp.,
Clytia sp., Hydractinia sp., etc...) (Siebert and Juliano 2017).

Germline differentiation in hydrozoan is linked to stem cells that were first
characterized by (Weismann, 1883). In Hydra three distinct stem cell population are
described, two epithelial stem cells, one unipotent population in the epidermis
another in the gastrodermis, and the multipotent intersticial stem cells (ISC or i-cells)
(Bode 1996; Watanabe et al. 2009); (Schenkelaars et al. 2018). A subpopulation of
interstitial stem cells can differentiate into a germline stem cells, or a female one or a
male one, this germline lineage cannot dedifferentiate back into multipotent ISCs but
in case of germline depletion the ISCs can give rise to a new germline (Nishimiya-
Fujisawa and Kobayashi 2012; Siebert et al. 2019).
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In the hydrozoan model Clytia hemisphaerica mRNA of characteristic
germline genes vasa, nanos and piwi were detected in the jellyfish gonads as well as
in the maternal mRNAs pool in the oocyte and in late planula larvae (Leclére et al.
2012) which suggest that in this species multipotent stem cells (i-cells) can be
segregated at the embryonic level. However, evidence of survival of such cells after
metamorphosis or localization in the polyp colony are still lacking. Whether those
genes are specific to a segregated germline rather than multipotent stem cell is to
put in light of the results of (DuBuc et al. 2020). Working with the colonial hydrozoan
Hydractinia symbionlongicarpus they highlighted the role of Tfap2 (transcription
factor AP2) gene in inducing germ cell fate in i-cells and gonads formation. Tfap2
mutants were lacking both and only Tfap2 expression in Piwi positive cells, Piwi
being a marker of i-cells, was able to rescue the phenotype. All together those
results suggest that the germ line in hydrozoans is continuously segregated in
sexually mature adults from induced multipotent stem cells.

In corals it is possible to describe gametes in histology sections, (Rinkevich
and Loya 1979) however if those gametes arose from a segregated germ cells niche
or from multipotent stem cells remains to be clarified. Evidence of such segregation
was investigated in comparing adult colonies' genotypes to their gametes, revealing
at the same time two interesting mechanisms that are common in corals, mosaicism
and chimerism.

Mosaicism is the differential accumulation of somatic mutations with life,
leading to differientally acquired genotypes in cells from the same tissue. Mosaicism
is quite common in highly proliferative tissue, such as human intestinal cells (Guo et
al. 2015; Siudeja et al. 2015) and cancer (Jacobs et al. 2012). In corals it was
proposed to be a source of genetic variability and acclimation, adaptation in the time
frame of the individuals, or even adaptation considering fragmentation as an asexual
reproduction (van Oppen et al. 2015).

Chimerism is the fusion of two genetically distinct individuals or tissues. It is
controlled by the immune system of the two individuals, it is highly restricted in
vertebrates conducting to artificial immune depression of grafted human patients but
it is more common in invertebrates (Frank et al. 1997; DuBuc et al. 2020).

Both mosaicism and chimerism were reported in (Maier et al. 2012) in 27 of
the 155 colonies of investigated coral Seriatopora hystrix. In (Maximilian
Schweinsberg et al. 2015) they demonstrated intracolonial genetic variability, mostly
due to mosaicism, in 3 species of Acropora genus and in Pocillopora sp. and Porites
australiensis. In (M. Schweinsberg et al. 2014), they already reported mosaicism in
Acropora hyacinthus colonies and this time they were able to see an inheritability of
those somatic intercolonial mutations to the gametes (sperm or eggs bundle). They
interpreted it as evidence for a non segregated germline that would differentiate from
any somatic cells. Yet in (Barfield, Aglyamova, and Matz 2016), they compared
somatic mutations from 2 opposite parts of colonies from the massive coral Orbicella
faveolata, and mutation in the sperm from those colony sections. They found a
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higher rate of somatic mutations in the coral colony compared to the spawn sperm
and they interpreted this evidence as a clue for the presence of a segregated germ
line.

In anthozoans no evidence of homology between the hydrozoans’ i-cells and
some cell population were found (Gold and Jacobs 2013). Some high proliferative
tissue and structure had been highlighted in the gastrodermis of Pocillopora
damicornis coral (A. Lecointe et al. 2013) as well as in Stylophora pistillata coral
(Agathe Lecointe et al. 2016) where the pharynx structure was clearly showing a fast
proliferation rate in primary polyp and in adults but those cells remain to be
characterized. It is likely that anthozoans possess multipotent stem cells that would
allow their regenerative abilities (Amiel et al. 2015), in (Sebé-Pedrés et al. 2018) they
isolated from the sea anemone Nematostella vectensis progenitor cells expressing
stem cell marker genes (Myc, Nanos1, Vasa, Piwi) but whether they segregate early
a germline or continuously give rise to germ cells is still not elucidated.

2.3.d Asexual reproduction and colony extension

Coral growth, or colony extension, happens by polyp budding or fission which
is, according to Buss’ (Buss, 1983) definition, an asexual reproduction mode. But it is
also the growing mechanism of coral colonies. Even if each polyp can ensure all vital
function for the colony and therefore be independent, contrary to hydrozoans
colonies where polyps are specialized, if isolated a lonely polyp will grow back a
colony.

Polyp isolation can occur by a mechanical fragmentation of a branch, that will
be called a ramet, created or by waves, boat anchors, divers palms, etc... Some
studies have tried to isolate coral polyps in microchips to document the calcification
process(Shapiro et al. 2016) or some metabolic process (Pang et al. 2020) but they
were eventually growing other polyps or dying after 15 days. Those studies were
taking advantage of a phenomenon called polyp bail out. It can occur when a colony
is under a stress threat and expulses a polyp from the colony (Sammarco 1982;
Fordyce, Camp, and Ainsworth 2017), the expelled polyp can grow another colony if
it survives. This mechanism and behaviour is still under investigated in coral and
could be an active asexual reproduction mode. At the cellular and molecular level no
evidence has demonstrated that either coral polyp budding or fission involved a reset
that would give rise to a younger polyp than the one from which it originated.
Therefore, in colonial coral | will consider the colony as the individual because even
if the polyp is the functional unit it is unable to fulfil its lifecycle on its own and will
indubitably regenerate the colony structure by growing new polyps. This conceptual
point of view implies that | will be considering chronological age at the colony level,
starting from metamorphosis, and that new polyp formation whether it is part of the
colony growth or asexual reproduction, and whether it derives from a germ cell, a
multipotent stem cell or a somatic, do not necessarily implies a biological ageing
reset until proven.
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2.4 Coral Reef

Scleractinian species emerged ~ 240 million years ago (MA) (J. E. N. Veron
1995) and are the key stone of the coral reef ecosystem. The constant nutrient
support provided by their symbiosis with photosynthetic algae had empowered them
to settle in low nutrient environments such as tropical waters. The coral reef structure
is an ecosystem that offers shelter for a huge number of species, it is used as much
as a nursery as a reproduction hotspot or a habitat. It also protects shore from waves
and is of importance for human survival and economic sustainability (P.-Y. Chen et
al. 2015; Fisher et al. 2015) acting as a food supplier and accounting for most of the
touristic resources of some remote areas.

Among the reef building coral, 5 will be investigated in this thesis (Stylophora

pistillata, Pocillopora meandrina, Porites lobata, Acropora digitifera and Millepora
platyphylla) and therefore described below.
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Milleporidae

Millepora sp. &, "

Figure 9 : Phylogeny of the 5 reef building coral genera investigated. (A) Within Scleractinia the
Complex lineage is grouping Porites sp. and Acropora sp. while Pocillopora sp. and Stylophora sp.
belong to the Robust lineage. Millepora sp. belong to a group of hydrozoan. (B) Scheme of 3
morphology found in corals. Massive form that usually exhibit horizontal growth and are robust to
fragmentation. Branching and lamina form that have a vertical growth pattern and are more sensitive to
fragmentation.

Within scleractinian two lineages have diverged and had been highlighted
thanks to molecular and genetic evidence yet their names were chosen based on a
skeleton morphological trait, robust and complex (S. L. Romano and Palumbi 1997).
Differences between robust and complex corals is noticeable at the genomic level
with differentially expanded and duplicated groups of genes, more often and in wider
proportions in complex corals, with genes related to innate immunity (Bhattacharya
et al. 2016; Voolstra et al. 2017) even if an ancestral histidine pathway is retained in
robust corals but absent in complex corals and sea anemone (Ying et al. 2018)
(Fig9:A).
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2.4.a.1 Robust corals
a. Stylophora pistillata

Stylophora pistillata (Esper, 1797) is a branching (Fig10:A,B,C) scleractinian model
species. In the wild this species is spread (Fig10:D) from the Red Sea to the North
Pacific Ocean, passing through Indian Ocean and West Pacific Ocean with 4 genetic
populations (Keshavmurthy et al. 2013). Stylophora pistillata is a sequential
hermaphrodite in time and is a brooding coral that spawns directly its planula
larvae(Rinkevich and Loya 1979; Shefy, Shashar, and Rinkevich 2018).
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Figure 10 : Stylophora pistillata a coral model species. (A) Picture of a Stylophora pistillata colony, from
(Tambutté et al., 2007). (B) Close up of a Stylophora pistillata polyp, from (Tambutté et al., 2007). (C) Close up
of a Stylophora pistillata polyp tentacle, visible brown circle are intracellular symbionts, from (Tambutté et al.,
2007). (D) Map of the geographic distribution of 4 genetic clade, population, of Stylophora pistillata in the wild
from (Keshavmurthy et al., 2013)

Stylophora pistillata is supposed to be more sensitive due to its branching form with
some reports of bleached colonies after a heat-event in wild populations of Sesoko
island, Japan (Loya et al. 2001) and of higher sensitivity to heat-stress, not surviving
above 30°C, compared to other species (Dias et al. 2019).

However it seems that the Centre Scientifique de Monaco strain, originally coming
from the Red Sea (clade 4, Fig10:D) shows a higher tolerance to acidification and
temperature with an optimal photosynthesis and calcification rate in 29°C(A. A. Venn
et al. 2019; Bernardet et al. 2019).

b. Pocillopora meandrina

Pocillopora genus (Lamarck, 1816) is widely spread across from the Red Sea to
Eastern Tropical Pacific Ocean. Species delimitation was first based on
morphological features but phenotypic plasticity of this branching coral genus leads
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to confusion in species assessment (Pinzon et al. 2013; Nakajima et al. 2017;
Johnston et al. 2017). Pocillopora meandrina is a hermaphroditic and broadcast
coral (Kerr, Baird, and Hughes 2011), its symbiodinium acquisition is vertical as the
oocytes are “seeded” with maternal symbionts (Marlow and Martindale 2007).The
most studied species in this genus is Pocillopora damicornis, which has been shown
to be quite sensitive to thermal stress, acidification and bleaching (Courtial et al.
2018; Dias et al. 2019) as well as other species such as Pocillopora verrucosa
(Pogoreutz et al. 2017, 2018) which makes this genus quite sensitive to
environmental change and disturbance.

2.4.a.2 Complex corals

a. Porites lobata

Porites lobata is a massive encrusting coral species (Fig11:A) with gonochoric
individuals that spawns their gametes in the water column, broadcast coral (Kerr,
Baird, and Hughes 2011). It is widespread across the Pacific Ocean with some
genetic population at the island level, however the Eastern Pacific Porites lobata
population seems to be highly isolated from the rest of the Pacific Ocean (Baums et
al. 2012; M. Schweinsberg, Tollrian, and Lampert 2016) (Fig11:B).
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Figure 11 : Porites lobata geographic . (A) Picture of Porites lobata from Palau Republic sampling of the
TARA-Pacific expedition, (a) colony, (b) close-up (credits Fondation TARA Ocean)(. B) Map of the
geographic distribution of genetic population of Porites lobata in the Pacific Ocean (circle size stand for the
number of individuals and names for the genetic population) from (Baums et al., 2012).

Porites lobata is known for its toughness and resilience to bleaching allowed by its
active predation on zooplankton to recover (Levas et al. 2013), it is also able to
survive partial mortality thanks to regeneration of the outer colony from tissue buried
deep inside the skeleton (Roff et al. 2014). This ability might be a key for its high
tolerance to sedimentation (Stafford-Smith 1993). Porites lobata is preferentially
associated with one specific symbiont, Cladocopium, previously Symbiodinium clade
C15, it is a specialist coral (T. Ladeunesse et al. 2004; Barshis et al. 2010).
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a. Acropora digitifera

Acropora genus is a branching hermaphrodite and broadcast spawner (Kerr, Baird,
and Hughes 2011) the genus is quite sensitive to bleaching (Loya et al. 2001) and
belongs to a ‘competitive’ group of corals, like Pocillopora sp. or Stylophora sp., that
are fast growing branching corals that can easily dominate a reef but are at the same
time quite sensitive and less resilient than massive ones like Porites sp. (Darling et
al. 2012).

2.4.a.3 Millepora platyphylla

Unlike the previously described corals, Millepora platyphylla do not belong to
Scleractinia , it is an hydrozoan belonging to the Milleporidae family (Linnaeus 1767,
Boschma, 1948). Consequently Millepora’s colonies, that can be found from 0 to 40
m depth, are composed of specialized polyps (1.2.a) and its life cycle contains a
short planktonic reproductive jellyfish stage (Lewis 2006) (Fig12:C). The jellyfish are
gonochoric and contain oocytes with symbionts henceforth the symbiotic inheritance
in Millepora sp. is primarily vertical (Dubé et al. 2020). Moreover Milleporidae have
evolved the ability to secrete a calcareous skeleton that is similar to scleractinian
ones (Tissier and Le Tissier 1991) which enable them to be part of reef building
coral. They are called “fire coral” because of their particularly irritating nematocyst
venom for humans. Some reports of Millepora sp. growth rate exists and mean age
colonies were estimated to be around 5 or 6 years old, with the maximum one being
of 10 years old (Lewis 1991). Millepora platyphylla is majoritary localized in the
center Indian Pacific Ocean (Dubé et al. 2020) but can also be found in the Eastern
part of the Pacific Ocean (Boissin et al. 2019) (Fig12:B).
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Figure 12 : Extracted figures on Millepora platyphylla from (Dubué et al., 2019) (A) Morphology of Millepora
platyphylla colonies (Figure 2 in Dubué et al., 2019, “(D) photograph being a courtesy of Gilles Siu”), (B) World
map of Millepora platyphylla geographic repartition (Figure 4 in Dubué et al., 2019), (C) Drawing of the schematic
life cycle of Millepora platyphylla (Figure 9 in Dubué et al., 2019)
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2.5 Estimation of age in wild corals

For several reasons that were discussed earlier it is even more complicated in
corals, than in some other animals, to precisely estimate their chronological age in
the wild. One method is to use the isotopic ions trapped in the skeleton and the
bands left by skeleton accumulation that forms, like in trees, growing bands. This
method enables scientists to date the skeleton but also to have information on the
past climate and the past growth rate of the colony (Buddemeier & Kinzie, 1976 ,
(Bessat and Buigues 2001; Lough and Cantin 2014; Cantin and Lough 2014). Age
records from sclerochronology were reviewed in (Bythell, Brown, and Kirkwood
2018) (Fig 13:B). Nonetheless this method is quite invasive because a skeleton core
must be drilled from the colony hence being more suitable to massive coral species
rather than branching ones.

Somatic mutation within a colony, in other words the degree of mosaicism of
the colony, was investigated in (Devlin-Durante et al. 2016) but the use of it to
estimate colony age was inconclusive and could be highly species dependent.
Moreover in (Fig13:B) Acropora palmata ages are ranging from 800 years old (yo) to
2’600 yo based on the mutation rate, but it has previously been discussed that corals
are highly permissive to mosaicism and that it is consider a possible adaptation way
to cope with sessile condition and low reproduction rate (van Oppen et al. 2015),
thus mutation rate is not suitable for coral age estimation.

The size of the colony can also be used to estimate the age knowing the
growing rate (inferred from sclerochronology) of the investigated species. Because
calcification and symbiosis in coral is sensitive to the environment using a growth
rate measured in the same conditions or location as the studied colonies ensure a
better precision in the age estimation. Several biases underpin this method and will
be discussed (Fig13:A:B:C).
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If the coral colony studied is a chimera, either from the fusion of two lateral
colonies (Fig13:B) or the fusion with a larva metamorphosing onto an adult
(Fig13:A), its age will be overestimated. If the studied colony is the result of the
development of a broken branch, a ramet, or a polyp bailed out, its age will be
underestimated because it would not account for the size of the first colony, the
genet (Fig13:C). Another argument used in (Devlin-Durante et al. 2016) would be to
consider that the budding of a polyp represents a chronological birth. First, as we
discussed in (1.2.c) no evidence of an ageing reset in coral polyp budding had been
shed to light until now. Second, if we consider a new polyp being younger
chronologically it is not inappropriate to use growth rate to estimate age, it will just
estimate the age of the oldest polyp, the primary polyp. Or in other words, the time
since settlement, metamorphosis, which is at least in our case what we are
interested in. Hence colony size measurement remains the most straightforward
available method to estimate the chronological age parameter. It is needless to add
that in controlled conditions monitoring a colony from its metamorphosis is the best
way to estimate its age.
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3. Telomere in Cnidarian

Telomere in cnidarian had mostly been investigated in hydrozoan jellyfish or
in corals, first in comparative studies to find the conserved telomeric sequence of
metazoan (Traut et al. 2007; Sinclair, Richmond, and Ostrander 2007),
demonstrating that cnidarian animals have the conserved telomeric repeat sequence
(TTAGGG)n while it was demonstrated later on in (Zielke and Bodnar 2010) that
their symbionts have a different telomeric repeat, the Arabidospis thaliana one
(TTTAGGG)n. Even though telomeric repeat sequences in other dinoflagellates
(Prorocentrum micans and Amphidinium carterae) had already been identified as
(TTTAGGG)n (Alverca et al. 2007).

In Sinclair et al. 2007 they described telomere length for the complex
Acropora surculosa (~4kb) and Acropora digitifera (~8.9kb) in (Hiroki Tsuta et al.
2014), and the robusts Favia pallida, Leptoria Phrygia and Goniastrea retiformis
(~9kb) (Sinclair, Richmond, and Ostrander 2007). They found longer mean telomere
length in Galaxea fascicularis (15.kb) in (H. Tsuta and Hidaka 2013), or in robust
Madracis aurentenra and complex Agaricia fragilis (~19.5kb) from (Zielke and
Bodnar 2010).

In (Ojimi et al., 2012) they investigated the correlation between the weight and
the mean TL of the solitary coral Ctenactis echinata without finding any correlation.
Few studies investigated telomere length in different life stage and in the complex
coral Galaxea fascicularis (H. Tsuta and Hidaka 2013) they found no significant
differences between sperm (17.9 kb), planula larvae (7.5£2.7 kb) or adult (15.6+3.9
kb). Nevertheless, a non-significant decrease in the planula larvae was observed
and restored in the adult , suggesting important DNA repair or cell clearance during
the key step of metamorphosis (Seipp et al. 2006, 2010). Later on in (Hiroki Tsuta et
al. 2014) they found the opposite results with this time a significant difference
between life stages telomere length in the complex Acropora digitifera. lts telomere
length decreases between sperm (16.1+ 2.7 kb), planula larvae (11.7+ 3.4 kb) and
adult colonies (8.9+ 1.8 kb). Interestingly longer telomere were measured in the
center of adult colonies compared to the colony border which can be linked to
mosaicism.

In (Ojimi and Hidaka 2010) they investigated telomere length in different
stages of the scyphozoan jellyfish Cassiopea andromeda comparing polyps and
reproductive polyps (propagule) to several anatomical part of the jellyfish stage (arm,
beel and gonads). Telomeres were longer in the jellyfish and mostly in the jellyfish
bell while polyps were having shorter telomeres, nonetheless telomere length was
not different between the jellyfish gonads and the propagule. However telomerase
activity wasn’t significantly different between the jellyfish bell and the polyps (Ojimi,
Isomura, and Hidaka 2009). Surprisingly few studies have investigated telomere
length in the most used hydrozoan solitary model, Hydra sp., with telomere length
only being reported in (Traut et al. 2007) measuring approximately (~20kb), no
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evidence of telomerase activity had been reported yet but a differential expression of
TERT in some populations of stem cell could explain long telomere maintenance in
Hydra sp. (Wenger, Buzgariu, and Galliot 2016; Schenkelaars et al. 2018).

It was stressed out in Bythell et al. 2017 that coral ageing must be a next
priority in the field to unravel the presence of an ageing mechanism in cnidarian and
understand how this parameter can be an asset to acclimatize to global climate
change.
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4. Presentation of the PhD work

My PhD work was mainly motivated by the will to understand the determinants of
telomere DNA length regulation in reef corals.

| performed extensive studies on telomere DNA length (TL) variation, using the
telomere restriction fragment assay, in 5 coral genera ( Millepora sp., Porites sp.,
Acropora sp., Pocillopora sp., Stylophora sp.) in different parts of colonies of different
age, size and across 32 island systems of the Pacific Ocean as part of the Tara-
Pacific consortium.

To get insight on the conservation of genomic telomeric features | will investigate
telomere sequence localization in the genome of (S. pistillata, P. meandrina and P.
lobata) to describe and compare their interstitial telomeric sequence.

Next | will investigate the relationship between telomere length, age and size in S.
pistillata at the colony level and the branch level to further on document the effect of
separate abiotic stress treatments (acidification, temperature increase and dark-
induced bleaching) in controlled and natural conditions in S. pistillata and Acropora
sp..

Finally, | will research the genetic and environmental determinants of TL variation of
wild population from 3 coral genera (Millepora sp., Porites sp., Pocillopora sp.) at the
Pacific Ocean scale.
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Chapter lI-Telomeres and interstitial telomere
sequence in coral genomes

1. Introduction

Telomeres are composed of short repeated DNA sequences located at the
end of linear eukaryotic chromosomes. The telomeric repeat motif (TTAGGG)n is
highly conserved among Metazoan with the exceptions of Nematodes and
Arthropods (Traut et al. 2007). In many organisms, the telomeric DNA sequences
are bound by a protective protein complex, the shelterin, composed of 6 proteins in
human (TRF1, TRF2, TIN2, TPP1, POT1 and RAP1) (Traut et al. 2007; de Lange
2005; Giraud-Panis et al. 2013). Telomeric-repeat binding factor 1 and 2 (TRF1 and
TRF2) directly bind the duplex telomeric DNA repeats, Protection of telomere 1
(Pot1) to single stranded telomeric DNA, while TRF1-interacting nuclear factor 2
(TIN2) and TPP1 form a protein bridge between the double and single stranded parts
of telomeric DNA. RAP1 is associated with TRF2. Since the replication of DNA is
incomplete, telomeric DNA shortens at each round of cell’s division leading to DNA
damage activation pathways and senescence when they reach a critically short
length (Harley, Futcher, and Greider 1990; Gilson and Géli 2007; Aviv and Shay
2018). Telomeres act as breakwaters, protecting the genome from replication
attrition. But telomeric repeat sequences are also found in extra-telomeric locations,
defined as interstitial telomeric sequences (ITS) (Meyne, Ratliff, and Moyzis 1989;
Bolzan and Bianchi 2006).

ITSs are mostly located in intergenic regions or introns, rather than in exons
and their density is usually higher in subtelomeres regions (Bolzan 2017; Pryde,
Gorham, and Louis 1997). The chromosomal location of ITSs is poorly conserved
between species (Ruiz-Herrera et al. 2002; Nergadze et al. 2007). Some can arise
from insertions at fragile sites or during double strand breaks repair (Ruiz-Herrera et
al. 2008) while others from ancient chromosome fusions (IJdo et al. 1991; Hartmann
and Scherthan 2004). The repeated telomeric sequences of ITSs are often
degenerated, even more in long ones, most likely to avoid the instability produced by
pure tandem repeats (Aksenova et al. 2015; Ye et al. 2010). Nevertheless, the
presence of telomeric DNA repeats within the genome allows shelterin proteins to
bind. This was shown by chromatin immunoprecipitation studies for RAP1 (Martinez
et al. 2010) and TRF1 and TRF2 (Simonet et al. 2011; Yang et al. 2011).

The 3’ overhang of telomeric DNA is able to fold back and hybridizes with its
complementary sequence in the more internal telomeric double stranded DNA, a
process assisted by TRF2 and forming a protective structure called T-loop (Griffith et
al. 1999; Benarroch-Popivker et al. 2016). The 3’ overhang could also hybridize with
internal ITSs, leading to large subtelomeric loops. Thus, one function of the
subtelomeric ITS could be to enhance telomere protection, an hypothesis suggested

30



by interactions between TRF2 and subtelomeric ITSs (Wood et al. 2014; Robin et al.
2020). Noteworthy, the repression of subtelomeric gene expression exerted by
telomere proximity (Telomere Position Effects or TPE) can be extended toward more
centromere proximal genes thanks to ITSs, being handovers for the telomere
initiated chromatin spread (Fourel et al. 1999; Steinert, Shay, and Wright 2004;
Robin et al. 2020).

A genome-wide function of ITSs can be gene expression regulation. Indeed,
there is a set of evidence that the binding of shelterin subunits to ITS contributes to
the regulation of genes located nearby or directly associated to an ITS (Martinez et
al. 2010; Yang et al. 2011; Biroccio et al. 2013; Cherfils-Vicini et al. 2019; Robin et
al. 2020). It was hypothesized that the action of shelterin at ITSs can be modulated
by the telomere state, coupling telomere function to the regulation of a network of
ITS-associated genes (Ye et al. 2014a). This might result from modulations in the
formation of subtelomeric chromatin loops, from dispersion of shelterin throughout
the nucleoplasm upon telomere shortening or from telomere length-dependent
regulation of shelterin expression (Ye et al. 2014a).

If the presence of ITS is widespread among eukaryotes, very little is known
about the presence and function of ITSs outside yeast, human and mouse. Here, we
investigate the presence and distribution of ITSs in four reef coral genomes.

2. Results

Here we investigated the distribution of ITSs in the coral model
Stylophora pistillata genome (Voolstra et al. 2017), in two targeted species from
TARA-PACIFIC expedition Pocillopora meandrina and Porites lobata, and in another
coral Porites evermanni. We looked for sequences covering at least 75% of the
(TTAGGG)4, allowing two mismatches and grouping under one ITS identification,
sequences that were distant from less than 400 nt. In order to distinguish the
(TTAGGG)n sequences located at chromosome termini (telomeres) from ITSs, we
considered the (TTAGGG)n repeats located at one end of a contig (less than 10
nucleotides (nt) from the extremity) as being part of a telomere and the others as
ITSs.

ITS characterization in coral genome

The two Pocilloporidae corals, S. pistillata and P. meandrina, have a similar
number of ITSs in their genome (Fig14), with a majority of short sequences
(respectively 489 and 343), few middle length sequences (respectively 27 and 23)
and a few long ones (respectively 2 and 6). Noteworthy, sequencing of P. meandrina
genome using long read technology did not increase the number of short or middle
length ITSs but increased the number of long ITSs by 3 fold. This can be interpreted
as the short/middle ITSs can easily be assembled with short reads while it is more
uncertain or even impossible for longer ITSs. Indeed, when we looked for ITSs’
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closest genes it appears that 42% of ITSs are located within the genes, both in P.
meandrina and S. pistillata, while respectively 45% and 57% are located in intergenic
regions (Fig16D). In S. pistillata the 2 long ITSs are located into the 14th intron of the
coadhesin-like gene (XM_022926987.1) and the first intron of NMDA 1-like
glutamate receptor ionotropic gene (XM_022925250.1). Only two genes were found
close to long ITSs in P. meandrina, a Dopamine D (1) receptor like
(Pmea_00029636) and a LINGO1 gene (Leucine-rich repeat and immunoglobulin-
like domain-containing nogo receptor-interacting protein 1) (Pmea_00026759), both
being involved in neurons function in humans. Additionally to the 6 long ITSs, 3 long
(TTAGGG)n sequences and 2 middle ones are located at contig extremities and thus
considered as telomeres. In these 5 predicted telomeres, 3 of them are located at
less than 10kb from long ITSs (ITS_11, ITS_62, ITS_151) that are likely part of a
subtelomeric region in contig_51, contig_62 and contig_195, respectively.
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Figure 14 : Histogram of corals P. lobata, P. evermanni, S. pistillata, P. meandrina and human number of
interstitial telomeric sequence in the genome, ranging by 3 class size.
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The second target species of the TARA-Pacific expedition, P. lobata, has
more ITS (1144) than the other investigated species and even a little more than its
fellow genera P. evermanni (895) (Fig14). In proportion to genome size, the content
in ITSs is twice as high in P. lobata than in P. meandrina (0.02467063 % versus
0.01355775%). P. lobata genome has proportionally more middle length ITS (10%)
than the 3 other corals (6%) but no more than H. sapiens (20%). Based on their
position at contig extremities (contig 42, contig 357, contig 514), 3 long
(TTAGGG)n sequences were considered as telomeres (ITS_264, ITS_306, ITS_871)
and 2 were grouped with other ITS that might compose the subtelomeric region of
the contig.

Porites genus specific palindromic ITS

Noteworthy, P. lobata genome contains 2 ultra long ITSs (19kb and 31kb),
while the longest in P. evermanni is 6kb. Long reads sequences bridging those ultra
long ITSs confirmed their intersticial localization within the chromosome. They are
composed of a tandem array of a 188 nt repeated unit, containing 6 TTAGGG
sequences in dyad symmetry thus capable to fold into a stem loop structure
(palindrome) (Fig15). The rest of the repeated unit exhibits a marked AT-richness.
This sequence was named “palindromic ITS unit” on its specific architecture, the
consensus sequence between Porites lobata and evermanni is shown in (Fig15).
This “palindromic ITS unit” is specific to Porites genus. Interestingly, 6 out of the 7
sequences of P. lobata composed of an array of palindromic ITS units were
intergenic, occupying a large part of the region separating two genes (Fig15). To our
knowledge, there is no other known example of such a tandemly repeated sequence
containing a palindromic ITS. Interestingly, the palindromic nature of these ITSs
should allow the coral shelterin TRF to bind when the sequence is single-stranded,
for example during replication, or if it is transcripted as RNA.
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Figure 15 : Long palindromic ITSs in Porites genus. (A) Sequence of long palindromic ITS sequence of Porites
lobata and Porites evermanni. (B) Folding and 1D structure of one repeat (188bp) of the palindromic ITSs and
structure of 11 repeats (2068 bp) in Porites lobata. (C) Localization of palindromic sequence ITS (red) blast on the
genome of P. lobata.

33



ITSs associated to tandemly repeated genes

Among the ITS associated genes, 26.3% for P. meandrina and 28.4% for P.
lobata were actually tandemly repeated genes (TDG) (Fig16: E: F). Comparing those
tandemly repeated genes groups between the two species allowed the identification
of conserved TDG groups, referred as orthogroups. Among them, 4 are associated
with ITSs in the 2 species (0G0002611, OG0000232, OG0000178, OG0012279).

For the TDG orthogroup (0G0012279), it is associated to 2 ITSs in P.
meandrina, the predicted telomere (ITS_150) located less than 10kb to (ITS_151),
but the TDG function was uncharacterized (Pmea_00009991). The same structure
can be found for P. lobata with 2 ITS (ITS_211 and ITS_216) separated by 10 kb
distance for which the closest genes (Plob_00021963, Plob_00021936) are
belonging to the same uncharacterized orthogroup than in P. meandrina
(0G0012279). The 3 other orthogroups contained genes with predicted functions
(DNA polymerase delta subunit for P. meandrina and beta gamma crystallin isoform
for P. lobata, histamine H2 receptor-like and lymphocyte antigen 6 complex).

When extending the search beyond the closest genes to reach the closest
TDG it appears that among the 95 found, 42 TDG clusters for P. lobata and 30 for P.
meandrina belong to 26 common orthogroups (Fig16: E, F).
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Figure 16: Gene Ontology of Interstitial Telomeric Sequence (ITS) closest genes in (A) S. pistillata genome, (B) P.
meandrina genome, (C) P. lobata genome, (D) Histogram of the localization of ITS to their closest genes in P. lobata
(green), P. meandrina (pink) and S. pistillata (purple), with an intragenic or intergenic position as well as the absence of a
nearby gene. Venn diagram of ITS closest genes that belong to Tandemly Duplicated Genes (TDG) in (E) P. meandrina
(F) and P. lobata.
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Gene Ontology of ITSs associated genes

The gene ontology analyses of the ITS-associated genes were performed for
S. pistillata, P. meandrina and P. lobata and the 20 most enriched terms are
displayed in (Fig16: A, B, C). This analysis reveals conserved functional features
between the 3 species related to extracellular components, possibly skeleton
synthesis or symbiosis interaction, and exogenous signal sensing. These include the
functional annotations of gene sets encoding core extracellular matrix components
(in addition to M5884, which is conserved among the three coral species analyses,
there is in P. meandrina M160, in P. lobata HSA 1474244/GO0031214 and in S.
pistillata GO:43062) as well as signal transduction factors (particularly gene sets
related to the MAPK pathway ; P.
meandrina/GO:0033674/G0:0007169/G0O:0090092, P. lobata/GO:0043410 and S.
pistillata/lR-HSA-5673001 but also in P. meandrina GO:0033146/ko04621 and in P.
lobata GO:0009612/R-HSA-2672351) (Fig16: A, B, C).

Moreover, in P. meandrina some GO terms linked to environment sensing
such as response to light (GO:0009416) or temperature (GO:0009266), are enriched
in ITS -associated genes. In further agreement with enriched gene sets involved in
sensing exogenous stimuli, several GO terms in the 3 corals are related to the
immune system (P. meandrina/R-HSA-983169, P. lobata hsa05165/R-HSA-
1280218, S. pistillata GO:0002638/G0:1901653) and to the nervous system (S.
pistillata/ko04080/G0:1905114, P. meandrina/R-HSA-389397/G0:0140058 and P.
lobata/ko04080/G0O:0099536).

Overall, the ITS-associated genes of diverse corals have in common to form a
network of genes involved in extracellular structure and sensing.

Conserved Pif1 helicase family sequence

To find conserved genes specific to corals compared to their symbionts we
compared the genomes of 3 symbionts species to the corals genome. We identified
a long (7kb) and highly conserved (99%) sequence between the 3 corals
investigated S. pistillata, P. lobata and P. meandrina. This sequence corresponds to
2 predicted mRNA coding for a PIF1 helicase family protein in S. pistillata
(XM_022946233.1 and XM_022936671.1). The corresponding sequences in P.
lobata and P. meandrina were not part of the closest genes of some ITSs however in
P. lobata one of the conserved sequence located in contig_1 was flanked by 2 ITSs
(ITS_1010 and ITS_1011) and was overlapping with a RNAseq transcript
(RNATO00117003001).
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3. Discussion

We were able to identify interstitial telomeric sequence (ITS) in the genome of
four scleractinian species, 2 complex corals, Porites lobata and Porites evermanii
and two robust corals Pocillopora meandrina and the previously sequenced
Stylophora pistillata (Voolstra et al. 2017). Even if their absolute number is variable
between species, the proportion of short ITSs (Fig14) and the localization to the
closest gene (Fig16), whether the ITS is in an intergenic region or within the gene,
was highly conserved in scleractinians. However as previously demonstrated in other
animals (Ruiz-Herrera et al. 2002; Nergadze et al. 2007) the precise localization of
the ITSs was not always conserved between species.

Indeed, the 2 long ITSs found in S. pistillata that are located in the introns of a
gene coding for a predicted NMDA 1-like glutamate receptor (XP_027051052.1) and
a coadhesin-like protein (XP_027050960.1) were not present in the homologous
genes in P. meandrina genome, respectively (Pmea_00000911) and (TDG_787).
The presence of ITSs in those genes was specific to S. pistillata.

Nonetheless, long ITSs were found in 2 genes with a related function in P.
meandrina, a predicted D1 Dopamine receptor and collagen-alpha-chain-like coding
gene (Pmea_00029636/XP_027051052.1 and Pmea_00012474/XP_027050960.1).
Supporting the notion that ITS-associated genes have conserved functional features
between coral species (Fig16), we found an enrichment of GO-Terms related to
extracellular matrix and exogenous signal sensing. Corals have evolved specialized
extracellular matrices in order to build their calcareous skeleton (Bhattacharya et al.
2016; Voolstra et al. 2017). On the other hand they also have developed specialized
extracellular receptors such as Toll like receptors, to enable them to initiate their
symbiosis and recognize the suitable symbiont (S. K. Davy, Allemand, and Weis
2012). Finally, extracellular proteoglycan is involved in the stabilization to their
receptors of extracellular signaling master regulators, such as Wnt or Hedgehog.
Whether the ITS-associated genes are specifically involved in one of these functions
remains to be elucidated as well as the control of their expression by the associated
ITS.

Nevertheless, it is impressive that the function of the ITS-genes in coral is
reminiscent of the human situation where several ITS-associated genes are involved
in proteoglycan biosynthesis and glycome structure (HS3ST4, GPC6, VCAN and
SULF2). Interestingly, in human cells, these genes are under the control of the
shelterin subunit TRF2 during oncogenesis, modifying cancer cell microenvironment
and immune-surveillance (Biroccio et al. 2013; Cherfils-Vicini et al. 2019; Zizza et al.
2019). Therefore, coupling the telomere state to cellular microenvironment via a
specific network of ITS-associated genes could be conserved through evolution as a
mechanism regulating organismal fitness and adaptation to environmental changes
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(Ye et al. 2014). In the case of coral, it would be of interest to study if this
mechanism is involved in microbial population regulation and stress/disease
resistance as suggested by the high number of tandemly duplicated gene (TDG)
(Bhattacharya et al. 2016; Voolstra et al. 2017).

A high proportion of ITS-association genes corresponds to TDGs, both in P.
lobata and P. meandrina. Some of these TDG exhibit redundant functions and could
be clustered in orthologous groups. Some orthogroups were conserved between the
2 species. Interestingly for the lymphocyte antigen 6 complex orthogroup, P.
meandrina has only one ITS-associated gene (ITS_27, Pmea_00034871) while P.
lobata has 2 ITSs (ITS_335, ITS_336) associated with 2 genes (Plob_00040959,
Plob_00040961) belonging to the same TDG group (TDG_2546) and another ITS
(ITS_156) in another contig associated to 2 genes (Plob_00050194,
Plob_00050193) of a different TDG group (TDG_1139) but belonging to the same
orthogroup (OG0000178). Therefore, we could make the hypothesis that this TDG
has been duplicated in P. lobata or lost in P. meandrina, along with associated ITSs.
P. lobata is a well known specialist coral, it preferentially establishes symbiosis with
one species of Symbiodiniaceae (Cladocopium sp., (T. C. LaJeunesse et al. 2018;
Barshis et al. 2010)) while P. meandrina is more permitting. Therefore, we can
wonder if this orthogroup linked to innate immunity and antigen recognition could be
involved in P. lobata symbiosis specificity.

Looking for a conserved sequence in corals that was not present in symbionts
we found an interesting 7kb conserved and duplicated sequence in scleractinians
genomes that is predicted to code for a Pif1 helicase family protein in S. pistillata.
This finding is intriguingly recalling the results from (Bhattacharya et al. 2016;
Voolstra et al. 2017) where they identified a specific DNA mismatch repair (MutS)
conserved in basal metazoans but lost in bilaterian. DNA mismatch repair protein
(MutS) and Pif1 helicase share a particular structure called a P_loop_ NTPase
involved in the hydrolysis of the beta-gamma phosphate bond of a bound nucleoside
triphosphate (NTP). Interestingly, Pif1 is required for genome maintenance in a large
variety of organisms. A conserved function of the Pif1 helicase family proteins is to
unwind G-quadruplexes (Paeschke et al. 2013), structures that are formed at G-rich
regions at telomeres, ITS and other chromosomal sites. Pif1 has also been shown in
yeast to prevent telomere lengthening by preventing telomerase access (Eugster et
al. 2006; Stinus, Paeschke, and Chang 2018). Recently, a study on Drosophila
melanogaster has shown that the Pif1 helicase counteracts replication stress by
promoting double strand gap repair (Kocak et al. 2019). Altogether those results
suggest that corals have conserved a Pif1 helicase to reinforce their mechanisms of
genome maintenance and telomere length regulation. Interestingly, this conserved
Pif1 sequence could be used as an animal-specific reference gene.
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P. lobata was showing some peculiarities, having proportionally more ITSs in
its genome than P. meandrina or another species from its genera Porites evermanni.
We found a 188nt length sequence that contains a palindromic telomeric repeat
forming ultra long and conserved ITSs at the Porites genus level. These repeated
DNA sequences are to our knowledge new and unique to Porites sp.. Whether they
are involved in specific traits of this genus, like their stress resistance (Darling et al.
2012), by regulating the expression of their flanking genes is an interesting
hypothesis to ignvestigate.

ITSs function was hypothesized to enable a telomere length dependent gene
expression regulation by their association to shelterin proteins whose availability is
modulated by telomere DNA length (Ye et al. 2014). Here we found 18 genes whose
transcription is correlated to P. meandrina mean telomere length (see chapter V); 16
of them were more expressed when telomere length was short. However, those
genes were not significantly overrepresented or underrepresented in the correlated
gene dataset, therefore the fact that those genes contain ITSs within their sequence
(15 genes) or upstream or downstream (3 genes) might be due to chance.
Nevertheless, 2 negatively correlated genes’ expression to telomere length
(Pmea_00005670 and Pmea_00005732) with intronic ITSs belong to the same
contig_14 which could suggest a local coordinated regulation.

In P. meandrina none of the closest genes to the 6 identified telomeres had

an expression correlated to mean host TL, nevertheless characterisation of telomere
sequence and more complete subtelomere region structure needs to be investigated
to see if the Telomere Position Effect (TPE) is conserved in corals.
The direct transcriptional effect of shelterin proteins upon telomere shortening still
needs to be unraveled in corals but the highly conserved features between distantly
related corals species and humans is opening an exciting field of investigation to
undermine the molecular regulation of coral resistance to stress and longevity.

Even if corals seems to have evolved specific genomic features to adapt to
their sessile and symbiotic life mode (Bhattacharya et al. 2016; Voolstra et al. 2017)
they have conserved structural telomeric ones with a conserved (TTAGGG)n motif
and ITSs. How they regulate their telomere length with time and upon environmental
stressors remains to be elucidated.
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Chapter lllI-Telomere length variation with age and
size in corals

1. Introduction

Telomere attrition had been demonstrated to be a good predictor of lifespan in
vertebrates (Bize et al. 2009) and to be a hallmark of ageing (Lépez-Otin et al.
2013). In corals two opposite results demonstrated a shortening from larval stage to
adult (Hiroki Tsuta et al. 2014) while no shortening between solitary coral of different
size, used as an age proxy, was reported in (Ojimi et al., 2012). Concerning ageing
in corals a study on S. pistillata described a shorter cell turnover (2 days) than the
one in Hydra sp. (Agathe Lecointe et al. 2016) and (Rinkevich and Loya 1986)
notified in situ ageing phenotype in S. pistillata. But to this date no clear evidence of
ageing in coral colonies was characterized. The high proliferative ability of S.
pistillata could be dependent on a telomerase telomere lengthening but in
(Gorbunova, Bozzella, and Seluanov 2008) they investigated the paradox found in
rodents where some species have very long telomeres, usually due to telomerase
activity, compared to their short lifespan. Whereas no correlation was observed
between telomerase activity and lifespan (15 species with lifespan ranging from 4
years to 28 years), they show a negative correlation between telomerase activity and
body mass.

Taken together and knowing that S. pistillata can be considered as a fast
growing coral we investigated TL in corals of different age as well as a RNA-seq to
search for a molecular ageing signature and shed light on the apparent lack of
ageing phenotype.

2. Telomere length in Stylophora pistillata colonies of
different ages

Here we investigated telomere length in Stylophora pistillata colonies of
known age to unravel the telomere length regulation in a coral species. We sampled
3 branches, or nubbins (n), of 3 colonies of approximately 1-year-old (A1), 2 colonies
of approximately 2 years old (A2), 1 colony of 4 years old (A4) and 2 different mother
colonies that were introduced in the Centre Scientifique de Monaco (CSM) aquarium
30 years old ago (S1 and S2) (Fig17). We considered the group of 1yo, 2yo and 4yo
as the young group compared to the old group of colonies from a different genetic
background (S1 and S2). Telomere length was measured twice using TRF assay
and average and we performed a RNA-seq of selected branches in each group of
age to characterize a potential ageing transcriptome in S. pistillata.
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2.1. Results

Telomere length analysis
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Figure 17: Stylophora pistillata of different age. Colonies (C1, C2, C3) of 1-year-old (A1) are displayed on top with
orange borders, 2 years old (A2) are shown together with green borders, the only colony of 4 years old (A4) is displayed
with purple border and the adult one (S1) with a pink border on the right.

We found that contrary to what could have been expected (Fig18), the mean T2L
doesn’t decrease in S. pistillata with age. On the opposite, the mean T2L of the older
colonies (S1 and S2) was significantly higher than the younger ones with a positive
slope of (y=4.5713334 x T2L+0.0009114).

We were also able to observe an increase of telomere length variability within one
colony (dots with same shapes) with age which can be related to previously reported
increase in mosaicism in coral colonies (Maier et al. 2012).
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Figure 18 : Boxplot of Telomere length with age in
coral Styophora pistillata. Shapes are representing
genet of colonies, colonies are differientad with colors,
each points represent a branch of a colony. Pairwise
Wilcoxon test results are displayed (*’ p<0,05, ** p<0,01,

[ p<0,001)
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Differential transcriptome in older corals

In order to have a deeper understanding of the mechanisms underlying this
telomere length maintenance with age we extracted the RNA from 3 nubbins (n) and
2 colonies per age group. We performed a mRNA paired-end sequencing (lllumina)
and normalized each gene expression to the total gene expression in each sample.
The differentially expressed genes (DEG) were extracted comparing the young
group (A1, A2, A4) to the old group (S1, S2). The colony of 4 years old was
expressing a pool of different genes compared to the (Fig19:A) and the colonies
were not differentiated by their mean T2L. We identified 158 DEG shared between
the young colonies compared to the old ones, among them 35 were significantly
differentially expressed (Fig19:B:C).
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Figure 19 : Transcriptome analysis with age in coral Stylophora pistillata. (A) Principal component analysis (PCA)
of S. pistillata coral samples based on their transcriptome, (A1=age1, A2=age2, Ad4=age4, S1=adult colony from S1
genetic, S2=adult colony from S2 genetic, C=colony, n=nubbins (branch), 2 colonies of 1-year-old (A1), 2 colonies of 2
years old (A2), one colony of 4 years old (A4) and two colonies of more than 30 years old (S1 and S2) were sequenced
with 3 branches per colony, except for the (A4) that only had 2 branches. Age groups are colored according to their
telomere length. (B) Venn diagram of shared expressed genes between the differentially expressed genes (DEG)
between the colonies of different ages and the controls (S1 and S2), 158 genes were in common but only 35 genes were
significantly DEG. (C) Heat map of the 35 significantly DEG between young colonies (A1, A2, A4) and old colonies (S1
and S2). (D) Significantly Enriched Gene Ontology (GO) pathways (p<0,05) (biological process, cellular component and
molecular function). lon transport and transporter, cell motility, interactions and DNA repair are enriched in younger
compared to older colonies.

When we looked at the normalized count for this ageing core transcriptome
we found that within each age group the sign of the fold change is well conserved as
well as between branches, showing low individual variability (Fig19:C). Each group
of age has its own expression pattern, however a moving increase or decrease in
gene counts could be observed with age. Moreover, it appears that the DEG pattern
of the colony of 4 yo (A4) was quite similar to the two older ones (S1 and S2)
surprisingly setting the age threshold between 2 yo and 4 yo for a coral colony.
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For example, the Synaptonemal complex central element protein 2 (SYCE2)
was under expressed in young colonies (A1 and A2), highly expressed in A4 and still
expressed but to a lesser degree in S1 and S2. The protein encoded by this gene is
involved in chromosome segregation during meiosis, it has been reported to be
conserved in basal metazoans and cnidarians (Hydra vulgaris and Nematostella
vectensis) and specifically expressed in Hydra vulgaris testis both at the mRNA and
protein level (Fraune et al. 2013). This gene could be a good candidate to investigate
the question of the germline segregation in corals and isolate meiotic cells.

Among the DEG some were classed as non coding RNA like
(LOC111336809, LOC111319665) that are progressively underexpressed with age
or (LOC111320898, LOC111341782) that are overexpressed in adult colonies.
Those long coding RNA could be involved in translation regulation or part of some
ribonucleic complex, none of them were containing the (TTAGGG) motif.

Several genes were overexpressed in adults compared to young ones with
some of them with predicted functions such as (ABT, RECK, CKMT2). CKMT2
(Mitochondrial creatine kinase) is involved in phosphorylation of creatinine and might
be important for mitochondrial biogenesis, it could be the sign of a switch in
metabolism in adult corals, like the mitochondrial ADP/ATP carrier (ABT). APOL3
(apolipoprotein L gene family) is progressively underexpressed with age and is
known to be involved in cytoplasmic lipid trafficking and RECK is an extracellular
protein that have been reported to have a protease inhibitor function.

Among the gene ontology (GO) pathways significantly enriched (Fig15:D) in
adults, the mismatch repair pathway containing (LOC111332660) a predicted mutS
protein homolog 4-like that was overexpressed in (A4) and (S1S2) was reminiscent
of (Bhattacharya et al. 2016) where they described a basal metazoan conserved
gene repair such as mutS proteins. This specific transcript was not part of their
phylogenetic analyses but it could be a good candidate to explain the coral telomere
length maintenance with age, as it was overexpressed in the 4 years old colony (A4)
and adult ones (S1 and S2). What was automatically described as a centrosome
associated zinc finger protein (MDN1/LOC111328456) was also progressively more
expressed with age and could be involved in genome stability.
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A predicted platelet-derived growth factor receptor alpha-like
(PDGFRa/LOC111346134) was also progressively overexpressed with age and in
humans it has been shown that TRF2 is able to act as a positive transcription factor
of PDGFRb (EI Mai et al. 2014). However, in this case PDGFRa is overexpressed
when telomeres are longer, potentially sequestering coral TRF protein at telomeres,
nevertheless investigating ITSs that would allow TRF binding in the
(LOC111346134) environment could be interesting to undermine the conserved
mechanism of this gene family transcription regulation by shelterin.

2.2. Discussion

Overall, we have shown that in the coral S. pistillata T2L was not decreasing
with age and that 35 genes were differentially expressed with age setting the
maturation age of colonies between 2 years old and four years old. We found that a
mutS mismatch DNA repair coding gene was overexpressed in the colonies with
longer T2L and could be involved in an age dependent TL maintenance. We also
identified an age dependent DEG involved in the synaptonemal complex formation
SYCE2 that was overexpressed in the 4 yo colony and in the older adults compared
to younger colonies. Moreover when we compared only the 4 yo colony to the older
adults we found significantly over expressed (LOC111321815/Piwi like protein) and
SYCP1 synaptonemal complex protein 1 (LOC111322006 ) in the 4 years old colony.
SYCP1 was already described as a highly conserved gene among metazoans
(Fraune et al. 2013), altogether it suggests a sexual maturation of S. pistillata
between 2 years and 4 years after settlement. We believe that such genes could be
good candidates to investigate and label the germ line in corals.

We did not find evidence of ageing in the studied colonies, however some
reports (Rinkevich and Loya 1986) of Stylophora pistillata colonies, looking
senescent, exist and we cannot exclude that ageing mechanism can take place later
in life of corals colonies or upon stress condition.

To gain more insight on the TL dynamics within the colony structure and relatively to
the growing hot spots, we investigated the TL along a branch.
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3. Telomere length along a branch

3.1. Introduction

Linear extension in branching coral takes place at the tip of a branch which
was raising the concern of an impact of growth rate and proliferation on measuring
TL from this area. Moreover, the absence of clear evidence on cells involved in
colonial growth, or asexual reproduction, as discussed in (Chapter |. 2.3) led us to
ask the question of a differential ageing along a branch. To test whether formed
polyps were having a different TL than the ones at the bottom of a branch we
measured the TL in different sections of a branch.

A
0 CsM o Clipperton 0 Clipperton

S. pistillata  Pocillopora sp.

e ;:*':Z;
1 colony 6 colonies 3}%{«' 1 cc

4 branches 1 branch

L !
o 5 sections 2 sections

Figure 20: Experimental set up for branches section sampling in S. pistillata from Centre Scientifique
de Monaco (CSM), Pocillopora sp. and Porites sp. form Clipperton. (A) Experimental design for each of
the species, with the number of colonies investigated and branches per colony and section per branches. (B)
Pictures of Pocillopora sp. colonies labelled with their numbers (C1, etc..)(credits : Alexis Pey). (C) Pictures
of Porites sp. colonies (credits : Alexis Pey).
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3.2. Results

Four branches of a colony of Stylophora pistillata from the CSM were sampled
and cut into 5 sections of (~2 cm) (Fig20:A). DNA was extracted from each section
and TL was measured using TRF assay. Six colonies (Fig 20:B) of Pocillopora sp.
from Clipperton island were sampled and cut into 2 sections, the tip or apex, and the
base of the branch. Finally, four colonies (Fig 20:C) of Porites sp. from Clipperton
island were sampled in the middle or top part of the colony, corresponding to the tip
or apex, and at the border or bottom of the colony, corresponding to the base.
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Figure 21 : Mean T2L along a branch. (A) Mean T2L in individual branches of S. pistillata (B) Boxplot of mean
T2L of branches segments of S. pistillata. (C) Mean T2L in individual branches of Pocillopora sp. (D) Boxplot of
mean T2L of branches segments of Pocillopora sp. (E) Mean T2L in individual branches of Porites sp. (F)
Boxplot of mean T2L of branches segments of Porites sp. (ns= not significant)
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Telomere length does not increase along a branch

We were able to observe that neither S. pistillata, P. lobata nor Pocillopora sp.
(Fig 21:B,C,E) have different TL regarding the sample position on a colony branch
(Wilcoxon test, p>0.05). In S. pistillata and P. lobata branches were having different
behaviors with some having shorter TL at the tip of the branch compared to the
base, some were flat and others have longer telomere at the tip rather than at the
base.

In P. meandrina somehow this phenomenon wasn’t observed and branches
exhibit a similar pattern with shorter mean telomeres at the apex of a branch, which
is a growing area, rather than at the bottom of it. They found similar results in
Acropora hyacinthus (Hiroki Tsuta et al. 2014)with colonies having longer TL at the
center rather than at the border of the colony.

3.3. Discussion

We looked at TL along branches of 3 coral species to see if TL was
decreasing along the branch as it could have been expected if polyps were arising
from stem cells with longer telomeres and if the newly formed polyp was therefore
having longer telomeres. This linear ageing within a colony that would go along with
the colony extension was discussed in (Bythell, Brown, and Kirkwood 2018) where
they propose a model of cell proliferation pattern in coral growth based on (Lough
and Cooper 2011) and (Lough and Cooper 2011; Darke and Barnes 1993). But no
evidence of such mechanisms could be found at the telomere level in our results and
on the contrary an increasing trend was observed in Pocillopora sp., yet non
significant.
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4. Discussion and conclusion

In this chapter we found that even though corals were sharing telomeric
genomic similarities with human, having interstitial telomeric sequence in genes
related to the same function of extracellular sensing and extracellular matrix, they
were not showing a significantly decrease of TL with age or size. Moreover, the coral
S. pistillata was exhibiting longer telomeres in older colonies. These differences were
related to DEG involved in metabolism and DNA mismatch repair such as a mutS
protein like.

But mean TL had been measured on fragments coming from the tip of colony
branches and those areas are the growing tips of colonies' linear extension. This
raised a concern on the bias it could involve in TL measurements as well as the
probability of a branch TL gradient that would correspond to individual polyp age if
they were to arise from stem cells with long telomeres. We didn't find differences in
TL along branches for neither of the 3 species investigated (S. pistillata, P.
meandrina, P. lobata).

In order to understand if external stressors and environment could impact coral TL

maintenance that was shown to be robust against time, we investigated TL in corals
put under several abiotic challenging conditions.
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Chapter IV-Impact of abiotic factor on coral
telomere length

1. Acidification

1.1. Introduction

Atmospheric CO2 dissolved in seawater into dissolved inorganic carbon
(DIC), such as carbonates (CO3 2-), bicarbonates (HCO3-) or carbonate acid
(H2CO3). An increase of dissolved COZ2 results in a decrease of seawater pH, a
phenomenon referred to as ocean acidification. Coral skeleton is an aragonite
calcium carbonate structure (CaCo3) produced by their specialized epithelium,
calicodermis, from the seawater dissolved DIC that they concentrate into a calcifying
fluid from which they keep a lower pH than the surrounding water to optimize
carbonates precipitation (McCulloch et al. 2012; Alexander A. Venn et al. 2013; S.
Tambutté et al. 2011).

Decrease of seawater pH is resulting in a decrease of the aragonite saturation
state. Aragonite saturation state (Q) measures the level of solubility of the calcium
carbonate structure, the higher it the more stable aragonite is in its solid form, when
it falls below 1 aragonite structures starts to dissolve.

The increasing sea temperature and ocean anthropogenic CO2 uptake is
leading to a global ocean pH decrease, raising more and more concerns about the
fate of coral reefs (Gattuso, Allemand, and Frankignoulle 1999). Several studies
have reported a decrease in coral calcification and growth upon seawater
acidification in an array of species, some being more sensitive than others. Two
parameters are defining coral growth, the skeleton density and the extension.
Pocillopora sp., Porites sp. and Stylophora pistillata seems rather resistant it terms
of extension when placed in acidified conditions, (Bernardet et al. 2019; A. A. Venn
et al. 2019; Comeau et al. 2019; Mollica et al. 2018) while calcification of Acropora
sp. decrease with acidification (Comeau et al. 2019). Nevertheless, the impact of
ocean acidifcation on telomere length regulation is until now undocumented. Here
we analyzed the Stylophora pistillata samples from a 2 years acidification
experiments performed to unravel the epigenetic mechanism and footprints of
acidification (Liew et al. 2018) and samples from Acropora sp. coral transplantation
on a naturally acidified environment in Palau Rock islands.
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1.2. Results

Impact of 2 years in acidified controlled conditions on Stylophora pistillata TL

Taking advantages of previous experiments conducted

in the Centre

Scientifique de Monaco (CSM) by (Liew et al. 2018) we measured the telomere
length by TRF of S.pistillata samples that were held for 2 years in a control condition
(pH 8) and acidified conditions (pH 7.8, pH 7.4, pH 7.2). Three independent
experiment were conducted, the first one took place from (2012-2014) under 4 pH
conditions, the second one was performed between (2014-2016) under two pH
conditions (control and pH 7.2), both of those experiments were analyzed in the
study from (Liew et al. 2018), a third experiment (2016-2018) testing two pH
conditions (control and pH 7.2) was added to this study to confirm the results
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Figure 22 : Stylophora pistillata TRF measurements in pH conditions. Left panel shows TFR results for samples
extracted from the first experiment (E1) after a 2 years exposure to 4 pH conditions (pH8, pH7.8, pH7.4 and pH7.2)
between 2012 and 2014, (E2) experiment 2 was carried in 2 pH conditions (pH8 and pH7.2) from (2014-2016) and
(E3) experiment 3 from (2016-2018). High panel shows the DNA staining with Ethidium bromide. Two first and last
lanes are molecular weight ladders. Low panel shows the membrane stained with host telomere (T2) radioactive

probe.

49




obtained from (Liew et al. 2018) the experiments DNA samples (Fig22).

The analysis of the host mean telomere length (T2L) of the first experiment
(2012-2014), (Fig23:A), didn’t show a difference between acidic and control condition
(pH8) nor for the third experiment (2016-2018), (Fig23:C). We were able to find a
significantly longer mean T2L in S. pistillata after 2 years exposed to pH7.2 in the
second experiment. Taking together these results suggests that exposure to lower
pH over 2 years does not significantly impact mean T2L in Stylophora pistillata
(ANOVA, p=0.114) and the lengthening effect observed in the second experiment
might be due to undocumented parameters.

Using the RNA sequencing produced from the first experiment samples in the
study from (Liew et al. 2018) we analyzed the data to compare the shelterin protein
gene expression and telomerase protein subunit (TERT). We found that none of
these genes were significantly differentially expressed in any acidified condition
compared to the control condition (pH8). This result is in line with the absence of
significant telomere length variation between the different pH conditions in the first
experiment.
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Figure 23 : Stylophora pistillata mean T2L measurements in pH conditions. (A) Experiment 1, no significant
differences were observed after 2 year exposure in the different pH conditions (pH8, 7.8, 7.4 and 7.2), (ANOVA,
p=0.616). (B) Experiment 2, significant differences were observed after 2 year exposure between (pH8 and 7.2),
(student test, p=0.0201). (C) Experiment 3, no significant differences were observed after 2 year exposure
between (pH8 and 7.2), (student test, p=0.1459).
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Impact of 1 year and half in natural acidified conditions on Acropora sp. TL

During the TARA-Pacific expedition (Planes et al. 2019) a transplantation
experiment was carried out in the Republic of Palau in January 2018. Palau Rock
islands are forming small mazes that trap seawater in bays where the local pH can
vary between (pH8.1 and pH7.8). This local acidification is an additive effect of
water circulation, dilution by rain freshwater, organisms respiration and
calcification that all together level down the pH (Shamberger et al. 2014). Six
Acropora sp. colonies from a site with a control pH (~pH8.1) (Fig24:A,B) were
tagged, and half of the colony was transplanted to a naturally acidified site
(pH~7.8), Ngermid Bay. Only 5 of those 6 colonies were retrieved 1 year and half
later in Ngermid bay (Fig24:C:F), and four in the control site. DNA was extracted
on the field and host T2L was measured on the acidified colonies and the mother
colonies retrieved from the control site.

No significant differences were observed between Acropora sp. colonies from the
acidified transplanted site and their control colonies (Fig24:G).

Mean T2L after 1y and half in natural acidified conditions
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Figure 24 : Palau sampling. (A) Google map view of the two sampling sites, ggr?trol site on the left, acidic site on the right.
(B) UAV picture of the control site. (C) Drawing of the control site sampling, control colonies retrieved are in red, newly
transplanted colonies in blue. (D) UAV picture of the acidified site of Ngermid Bay. (credits : Richard Brooke). (E) Drawing
of the acidified site sampling. (F) Pictures of the transplanted Acorpora sp. colonies with their identification number (#). (G)
Acropora sp. mean T2L after 1 year. and half in natural acidified conditions of Ngermid Bay, Palau Republic. No significant
difference was observed between the control colonies (Ctl) and their transplanted half in an acidified bay after 1 year and a
half
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1.3. Discussion

Here we reported for the first time the monitoring of telomere length in two
coral species (Stylophora pistillata and Acropora sp.) in long term experiments (2
years and 1 year and half) in controlled and natural acidified conditions. We were not
able to detect significant differences in mean T2L in either of the conditions nor
differences in shelterin proteins and telomerase expression in Stylophora pistillata.
In the Stylophora pistillata samples it was shown in (Liew et al. 2018) that long term
exposure to low pH was increasing the skeleton porosity and impairing coral growth
but surprisingly it was also increasing the polyp cell sizes as well as the size of the
calyxes. In acidic conditions they observed that S. pistillata was growing less polyps
but bigger ones due to bigger cell size. Indeed, they identified differences in genome
methylation and gene expression linked to cell growth and proliferation and more
specifically to the MAPK pathways towards a delay in cell division in acidified
conditions. This decrease in cell proliferation over cell growth could have favored an
lesser decrease of TL than in control conditions. Mostly knowing that a decrease in
extracellular pH can favor short TL lengthening (Ge et al. 2016). Yet we could not
see a significant difference in TL in low pH conditions in two of the three
experiments. Investigating short TL with more sensitive methods than TRF could
allow us to maybe see an effect of acidification on a class of telomeres.

2. Temperature

2.1. Introduction

Not only age can affect TL but also stress from the environment can
accelerate telomeres attrition or sometimes lengthen them (Epel et al. 2004; G. H.
Romano et al. 2013). Coral reefs are worldwide under the threat of global climate
change (+0.74°C and -0.1pH in the last centuries) that is predicted to induce heat
stress, pH stress, eventually leading to bleaching. Massive bleaching events are
happening threatening the ecosystem built by coral reefs (Hughes et al. 2018). To
better understand how future environmental change will affect coral physiology and
ageing | induced different stress in control condition to S. pistillata.
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2.2. Results

To test whether temperature could have an effect on coral TL in controlled
conditions we measured before the experiment (TO) the telomere length from 5
branches of a colony that was then split in 2 groups, a control one which remains at
25°C all along the experiment, and a heat stress one that was put at 30°C, in two
corals S.pistillata and Acropora digitifera. Branches were sampled after 1 month (5
branches per condition) and 2 months (3 branches per condition) in treatment or
control condition. DNA was extracted and telomere length measured with TRF.

For S. pistillata, (Fig25:A) we were able to observe a significant decrease of
mean T2L in increased temperature condition (30°C), (ANOVA, p=0.0498), while
neither time nor the interaction of time and temperature on T2L was significant. The
same result was found for Acropora digitifera, (Fig25:B) (ANOVA, p=0.0121) with
only a linear relationship between mean T2L and temperature rather than time or
mixed effect of time and temperature. Although in both cases differences between
control group and treated group seemed to increase with time.
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Figure 25 : Impact of temperature on coral mean T2L. (A) Stylophora pistillata mean T2L before
experiment (t0), after a month (t1) in control (25°C) and heat stress condition (30°C) or 2 months (t2). (B)
Acropora digitifera mean T2L in the same settings.

53



2.3. Discussion

Increased temperature exposure (30°C) affected mean T2L in opposite ways
for S.pistillata and A. digitifera, inducing a decrease in the first one and a slight
increase in the second species. As discussed in (Chapterl.2.4) S. pistillata strain
from the CSM optimal calcification temperature is 29°C (Bernardet et al. 2019) but
the calcification performance at 30°C remains high and noteworthy, higher than at
25°C. Therefore a higher calcification rate could be responsible for a faster growth
and a decrease in TL. On the other hand Acropora digitifera have most likely a lower
temperature threshold range, sampled at 30°C after 3 months were beginning to
bleach, but the high temperature exposure is more likely to trigger a lenghtening of
telomeres, as they are longer than at the beginning (t0), rather than not decreasing
them in lowering cell proliferation and growth.

Nevertheless the lack of duplication as well as the small absolute difference in
T2L between control groups and treated groups encourage us to take this result with
caution. It could be interesting to apply temperature variations to see if the amplitude
of temperature variation could be more impacting than a constant temperature.

3. Bleaching

3.1. Introduction

Coral bleaching results from the breakage of the symbiosis and can be
triggered by environmental parameters or pathogens infection. Coral bleaching is
often induced by a heat stress and most of the study had been focusing on heat
stress coral bleaching reporting transcriptomic signature for Acropora sp., Orbicella
sp. (Seneca and Palumbi 2015; Traylor-Knowles et al. 2017; Zhou et al. 2017;
Pinzon et al. 2015). They show a positive expression of Tumor Necrosis Factor
Receptor-associated Factor 3 gene (TRAF3), stress related genes and immune
system related pathways with bleaching. But coral exposure to stress is having an
impact on TL maintenance as shown (ChapterlV-2), therefore to separate the effect
of heat stress by itself and symbiosis breakage we performed a dark induced
bleaching on S. pistillata.
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3.2. Results

Dark induced bleaching settings

To dissociate temperature stress, that has an effect on TL in S. pistillata, from
the loss of symbionts per se, we induced bleaching by putting the colony in constant
dark condition. Therefore, we will be considering the following results in dark-induced
bleaching cases. Three experiments were carried out (Fig26), referred to as (B1, B2,
B3), the first one that was meant to be a test was only performed on one branch of a
bleached colony and a control colony, time since bleaching was unfortunately
unrecorded. Second experiment (B2) was carried out in the same colony cut in two
and 5 branches were sampled after 6 months in dark condition for the bleaching half
and control conditions for the control half. The RNAsequencing was performed on
samples from experiment B2. Experiment 3 (B3) was performed in parallel on a
colony cut in half and sampled after 4 months and 6 months in dark-induced
bleaching or control conditions and in branches.
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Figure 26: Stylophora pistillata bleaching experiment set up. Bleaching experiment 1 (B1) was
performed on one branches of a bleached colony and a control one. Bleaching experiment 2 (B2)
sampling was performed on 5 branches of a control dark-induced bleached colony since 6 months
and its clonal control colony. Bleaching experiment 3 (B3) sampling was performed after 4 months
and 6 months of bleaching on dark-induced bleached colony and its clonal control half, and in dark
induced bleached branches and their clonal control branches.
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Telomere length in bleached samples

The first experiment (B1) showed a decrease of TL in bleached samples
compared to control colonies, however only one branch per colony was tested

(Fig27).

The B2 experiment showed a 2kb decrease in the average of the 6 branches
mean TL in the colony that was bleached since 6 months compared to the control
colony. In the B3 experiment in the ‘Colony’ setting one colony was cut in half and
isolated in dark conditions. It seems that the cut of the colony had an impact on the
control colonies as it had shorter TL 4 months in control conditions after the injury,
yet after 6 months in control condition its TL was not different than at t0. For the
bleached half of the colony the TL was slowly decreasing from t0 to 4 months and 6

months after.
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Figure 27 : Boxplot of Stylophora pistillata bleaching experiment mean T2L results. Results are displayed at the vertical by
experiments (B1,B2, B3) and horizontal by experimental set up (separated colonies or branches). Mean T2L is displayedin kb on
the y axis why samples are dissociated depending on the time spend in dark condition (t0, 4 months, 6 months). Bleached (white)
and control (purple) branches are represented as dots displayed over the boxplots. The last panel is representing all the results
together, upper panel is all the branches results together, the middle panel is all the colonies reults together, donw panel is all the
experiment and experimental setup together. Overall the combination of time and condition (bleached control) as well as the
experiment were significantly explaining the samples variance (ANOVA, p= 0.0159 and p=0.0479)
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After 4 months TL were shorter in the control condition than in the bleached
one, but after 6 months the bleached half colony had a shorter TL than the control
half. In the ‘branch’ setting, where branches were cut at tO and hung in the different
conditions, TL was not different between the treatments and both control and
bleached branches had longer TL after 4 months and the same TL than at the
beginning after 6months (Fig27).

Finally taking all together the experiment (ANOVA, p= 0.00658) and the mixed
effect of time and treatment (ANOVA, p= 0.01587) were significantly explaining the
mean TL variance observed (Fig27).

RNAseq analysis of dark induced bleached S. pistillata

The transcriptomic results were consistent between branches of bleached
samples (Fig28:A), in the control colony (the other half kept in control condition), one
branch was showing a slightly different transcriptome (S1n3). Nevertheless, we were
able to identify significantly differentially expressed genes (p<0.05) in B2 experiment
bleached samples (3 branches) (Fig28:B). We found more significantly
downregulated genes in bleached samples than upregulated ones (Fig26:C), among
them we isolated genes that were encoding for shelterin proteins, telomerase TERT
or that were reported to interact with some of these proteins.

We found 9 genes significantly differentially expressed, 2 upregulated and 7
downregulated. One of the two upregulated gene (LOC111338256) was predicted to
be Glycine-N methyltransferase involved in DNA methylation, changes of
methylation state upon dark-induced bleaching stress could be consistent with what
was observed in methylome changes in S. pistillata upon acidification stress (Liew et
al. 2018). Among the downregulated genes some are known to be involved in
cellular growth process and tissue remodeling (CENPF, PLK1, Profilin-2, MAPKG,
PLAT) as well as immunity (MAPKG6, DDX21). Similarly to what they observed in
(Liew et al. 2018) with the inhibition of MAPK pathways genes by gene methylation,
we found a downregulation of a specific MAPKG. Yet this specific MAPK6 wasn'’t
downregulated in the acidified transcriptome. Most of the gene ontology term (GO-
Term) significantly (p<0.01) enriched in the bleached samples were related to
metabolism, protein homeostasis and biosynthesis and oxidative stress
(GO:0006979, GO:0055114) (Fig26E). Interestingly oxidative stress has been shown
to trigger bleaching in heat stress conditions due to symbionts ROS production,
however in this case the coral colony was in dark condition for 6 months even in the
case of some cryptic symbionts remaining which is unlikely after such a long time in
darkness, the absence of light prevents photosynthesis and O2 production.
Therefore, the ROS stress has to be produced by another mechanism.

Moreover POT1, a shelterin protein protecting telomeres, is downregulated in
bleached samples that are also samples exhibiting significantly shorter TL (Fig28:B).
Finally we compared our results to previous transcriptome study performed on S.
pistillata colonies during day and night cycles (Ottaviani et al. 2020) to find
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differentially expressed genes that could be more influenced by the dark condition
rather than the bleaching condition (Fig28:F). We found 54 genes in common
between the two differentially expressed sets of genes, some were downregulated in
both transcriptomic analysis like the gene encoding for Hey1 that was shown to have
an anti-senescence when expressed in human fibroblast (Ottaviani et al. 2020).
However most of the genes were differentially regulated between the two dataset but
the associated functions of some common genes to light sensing, like CRY1,
involved in the circadian clock, made us considered these genes were controlled by
the dark condition rather than the bleaching state of coral.
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Figure 28 : Stylophora pistillata bleaching RNA sequencing results. (A) Individual Principal Component Analysis
(PCA) of the RNA sequencing of 3 branches (n=nubbins) of control S. pistillata colony S1 and dark induced bleached
colony (S1B). (B) Heatmap of differentially expressed genes in control conditions samples (S1n1, n3, n5) and dark
induced bleach condition (S1Bn1, n3, n4). (C) Vulcano plot of significantly differentially expressed genes in bleached
condition (pvalue<0.05). ( (B1) was performed on one branches of a bleached colony and a control one. (D) Significant
differential expression expressed in Log2(FoldChange) of telomere related genes (Gene names) in bleached condition
(p < 0.05). (E) Significant enriched Gene Ontology term (GO Term) (p<0.01) in bleached condition, the gene ratio
correspond to the number of significant genes divided by the annotated ones.(F) Common differentially expressed gene,
log2(fold change) is displayed with colors, in bleached transcriptome and in night and day transcriptome from (Ottaviani et
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3.3. Discussion

We have noted that dark-induced bleaching was having an impact on colonies
of S. pistillata mean TL after 6 months but not when the experiment was carried out
on previously cut and separated branches. We also witnessed a change in gene
expression linked to metabolism and oxidative stress response. Morevore we
reported a significant underexpression of protection of telomere gene (POT1) in the
bleached samples that were exhibiting shorter TL than the controls.

All together it suggests a synergic effect at the colony level of bleaching that
could slowly decrease TL maintenance with the first impact being measurable after 6
months by decreasing POT1 expression.

However in situ bleached colonies would never reach this point to face the
long term effects on TL. We tried to rescue the phenotype of the experiment 3 (B3)
by putting back branches and the half colony in control conditions. Unfortunately the
bleached colony didn’t survive the change of treatment nor did the branches. It would
be of interest to research if switching between bleach and control treatment would
have an effect on TL in a shorter time scale to mimic natural conditions.

4. Discussion and conclusion

Overall we have seen that corals are able to maintain their TL over a range of
stressors and time scale. Impressively the cross study of acidification impact on TL
in a 2 years treatment in 2 species showed no significant differences in TL even
though acidification condition was impacting the cellular proliferation and cellular
growth regulation both at the epigenetic and transcriptional level.

Temperature seems to have an overall significant impact after a 3 months treatment
but the short time scale and the absence of duplication requires further investigation
to conclude.

The dark-induced bleaching was from far the treatment that showed the most

impact on TL, however the duplication experiment conducted in two parallel settings
revealed partially reproducible results.
Nonetheless the DEG observed in the bleached samples with significantly shorter TL
revealed an overexpression of oxidative stress response genes and a
downregulation of POT1 expression that would explain the TL shortening of those
samples.
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Chapter V-Telomere length dynamics in wild
populations of 3 coral genera

1. Introduction

The TARA-Pacific expedition aimed to unravel the still largely unknown
world of coral associated bacteria, viruses, Symbiodiniacea and other protists,
forming a complex symbiocosm refer to as ‘holobiont’ and to generate a nearly
exhaustive morpho-molecular and environmental inventory to describe the coral
interactome at an unprecedented ecological scale in 3 different coral genera (Planes
et al. 2019).

The sampling that targeted 3 coral species (Porites lobata, Pocillopora meandrina,
Millepora platyphyilla), over 32 island systems, aimed to cover a large diversity of
environments within the Pacific Ocean as well as within coral reef building species.
Around each of the 32 islands, three sites were sampled, collecting 10 colonies of
each target species and five to ten individuals of each fish species, as well as
surrounding water samples (Fig29:A,B).
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Figure 29 : TARA-Pacific expedition. (A) Road map of the TARA-Pacific expedition (2016-2018). In blue the first year
sailing road, second year in orange. (B) Sampling protocol, with 3 sampling sites per islands. In each sampling site 3
target species were collected (Porites lobata, Pocillopora meandrina and Millepora platyphylla). For each species 10
colonies were sampled per site. The expedition sampled 32 islands, the number of sampled for the coral colonies was
(~2600 samples).

61



The TARA Pacific Consortium aims to describe the morpho-molecular and
environmental inventory of the complex coral symbiocosm sampled during the
TARA-Pacific expedition. To do so the Consortium gathers multiple French and
international laboratories with a broad range of expertises. Among the data
generated, metatranscriptomics and metagenomics are performed for 30% of the
samples to determine SNPs and differentially expressed genes (Genoscope,
CRIOBE, IRCAN) while metabarcoding (18S, 16S) will be performed for 100% of the
sampling (Genoscope, ETHZ, Sorbonne Université, Oregon State University,
Konstanz University). Size and morphology peculiarities will be extracted from in situ
pictures and classical biomarkers of stress response (oxidative defense,
proteostasis, cell division, apoptosis and DNA damage) are currently evaluated at
IRCAN and at Shimoda Marine Station (Tsukuba University). The environmental and
contextual data, composed of in situ measurements as well as satellites data and
models, are used to build a complete description of the past and present conditions
at each site of each island (IMEV, University of Maine, MARUM...).

Here we will present our results on the telomere length measurements of the
TARA-Pacific expeditions coral samples.
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Abstract

The linearity of eukaryotic chromosomes requires the presence of a particular
terminal chromatin structure, named telomere, to control genome stability and
function. Changes in telomere structure during life can determine longevity, stress
resistance and disease susceptibility. Even though the use of telomere length
measurement as a method of assessing stress accumulation and predicting how this
will influence survival is currently being studied in numerous human cohort studies,
the importance of telomere length for stress resilience and life history in ecological
studies remains at its infancy. Here, we study the possible links between telomere
DNA length variation and environmental stress using natural populations of reef-
building coral sampled across the Pacific Ocean at an unprecedented scale. This
study is of particular importance in the context of the repeated bleaching events
devastating numerous coral reef ecosystems. Specifically we report here the telomere
DNA length variations among 1100 colonies of corals belonging to three genera: two
scleratinians, Pocillopora sp., and Porites sp. as well as one hydrozoa Millepora sp..
We observed an absence of TL relationship with colony size in the two scleratinian
corals harbouring different morphology and life history traits. We found that
Pocillopora sp. mean TL is constrained both by genetic and environment, identifying
key genes underlying this process. While Porites sp. has a remarkable ability to
maintain its TL regardless of size, genetic and some environment disturbance, its
symbionts TL is more variable and sensitive to environmental factors. Importantly,
these results uncover important differences in telomere DNA length maintenance
pathways between the short-lived and stress-sensitive Pocillopora and the long-lived
stress resistant Porites genera.

Introduction

Telomeres are nucleoprotein structures, composed of short tandemly
repeated DNA sequences and a protective protein complex, the shelterin, capping
the ends of linear chromosomes and maintaining genome stability (E. H. Blackburn
2001; Palm and de Lange 2008; Gilson and Géli 2007). In most metazoans, the
telomeres are composed of (TTAGGG)n DNA repeats (Traut et al. 2007) and are
shortened at each cell division due to the inability of the conventional replication
machinery to fully replicate DNA extremities (Lingner, Cooper, and Cech 1995).This
continuous telomere length (TL) shortening can be restored by telomerase, a
ribonucleotide reverse transcriptase, or recombination-based processes (Gilson and
Géli 2007). In many, but not all, vertebrates, TL erosion occurs in adult somatic cells
as a result of the down-regulation of telomerase programmed at the end of
embryogenesis (Wright et al. 1996). When they reach critically short lengths,
telomeres become uncapped leading to senescence and/or apoptosis. Thus, somatic
TL shortening is a key driver of aging although it may also limit cancer progression
(Artandi et al. 2000; Aviv and Shay 2018).
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Recent reports have identified telomeres as cellular integrators of various stresses
leading to modulations of the TL shortening rate during life (Ye et al. 2014b;
Elizabeth H. Blackburn, Epel, and Lin 2015; Schultner et al. 2014; G. H. Romano et
al. 2013; Epel et al. 2004; Chatelain, Drobniak, and Szulkin 2020). The extent to
which stress-dependent TL variations affects the ability of organisms to adapt to new
environments and to age has become a central question (Monaghan and
Haussmann 2006). This generated a great interest for telomere studies in the fields
of ecology and comparative biology of aging (Gilson and Bosch 2016; Haussmann
and Vleck 2002; Quesada et al. 2019; Jebb et al. 2018; Foley et al. 2018).

In this regard, reef building corals are rare models to compare related animals
sharing similar habitats and environmental stresses while exhibiting different life
history traits, resilience capabilities and lifespan, some of them having extreme
longevity (Darling et al. 2012; Bythell, Brown, and Kirkwood 2018). Moreover, the
sessile life mode of corals prevents them from escaping adverse conditions is an
interesting trait to study the effects of past stresses on nowadays telomere structure.

Reef building corals, belonging to Anthozoa, a class of Cnidaria, are usually colonial
organisms formed by many individual polyps connected by a stolon (Zapata et al.
2015; Kayal et al., n.d.). Reef building corals are able to secrete a calcearous
skeleton through a specialized epithelium, a process that requires a great amount of
energy uneasily provided by predation effort in oligotrophic tropical and sub-tropical
waters (S. Tambutté et al. 2011). This nutrient resource is provided by a mandatory
symbiosis based on unicellular photosynthetic algae belonging to the
Symbiodiniaceae family and hosted inside the animal endodermal cells (S. Tambutté
et al. 2011; T. C. LaJeunesse et al. 2018). This photosynthetic activity places the
animal cells under a massive oxidative stress on a daily basis(M. P. Lesser et al.
1990; Shick et al. 1996) that is overcome by robust anti-oxidant defenses developed
during coral evolution (Furla et al. 2005). Noteworthy, since oxidative stress can lead
to TL shortening (Furla et al. 2005; Barnes, Fouquerel, and Opresko 2019), coral
may have developed efficient mechanisms of telomere resistance to oxidative stress
although this was not explored in coral yet. Nevertheless, upon acute stress, such as
temperature increase, symbionts Reactive Oxygen Species (ROS) production
reaches a level that overcomes host defense leading to symbiosis breakage, a
phenomenon known as bleaching (Michael P. Lesser and Farrell 2004; Courtial et al.
2017). Extended time in a bleaching state will result in coral death and the repeated
massive bleaching events are a threat to the whole coral reef ecosystem (van
Woesik et al. 2018; Hughes et al. 2018).
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Few studies investigated telomeres in corals. The telomeres of the animal cells have
the same DNA repeat sequence than in human (TTAGGG)n, while the telomeres of
the unicellular symbiotic algae are composed of the DNA repeats of higher plants
(TTTAGGG)n (Zielke and Bodnar 2010). In the studied species, the coral animal TLs
ranged from 4 kb to 20 kb (H. Tsuta and Hidaka 2013; Sinclair, Richmond, and
Ostrander 2007; Bythell, Brown, and Kirkwood 2018). The lack of correlation
between TL and the weight of adult individuals of the solitary coral Ctenactis
echinata was previously described (Ojimi et al., 2012) and besides (Hiroki Tsuta et
al. 2014) that reported TL shortening decrease in Acropora digitifera during
development from sperm, planula and larvae to adult colonies, no clear evidence
exists for TL shortening during coral ageing.

In order to investigate whether peculiarities in telomere maintenance mechanisms
play a role in coral life, aging and stress response, we studied natural TL variations
between corals with different life history strategies. To this purpose, we took
advantage of the Tara-Pacific expedition that sampled three corals genera around 32
islands across the Pacific Oceans and of the Tara Pacific consortium that generated
a nearly exhaustive eco-morpho-molecular inventory of the collected corals (Planes
et al. 2019). This allowed us to measure TL of the sampled corals and to correlate
their variations with a large set of morphology, genomic, transcriptomic, geographical
and environmental parameters. The three targeted coral genera are two scleractinian
anthozoans, Porites sp. and Pocillopora sp. and one hydrozoa, Millepora sp. that
shares with the scleractinian corals the ability to grow a calcareous skeleton that
make them reef builders (Tissier and Le Tissier 1991). Porites sp. are massive long
lived and stress resistant corals (Stafford-Smith 1993; Darling et al. 2012; Levas et
al. 2013; Roff, Zhao, and Mumby 2015), while Pocillopora sp. are short lived (Bythell,
Brown, and Kirkwood 2018) and quite sensitive to thermal stress, acidification and
bleaching (Darling et al. 2012; Courtial et al. 2017; Pogoreutz et al. 2017, 2018; Dias
et al. 2019). Our results unveil for the two scleractinian corals an absence of TL
shortening with colony size taken as a proxy for aging. We also describe distinct
patterns of TL variation among the three targeted genera across the Pacific Ocean
revealing that, in contrast to Pocillopora sp, the TLs of animal cells of Porites sp. are
remarkably stable facing different environments. We discuss these results in terms of
age-independent telomere maintenance mechanisms allowing the corals to adapt
their lifestyle to environmental disturbances.
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Results

In order to measure the telomere DNA length (TL) simultaneously for the coral host
and the symbiont, we adapted the Southern blotting procedure (considered as the
gold standard technique in telomere field,(Aubert, Hills, and Lansdorp 2012)) to coral
tissue samples and performed sequential hybridizations, first with a probe
recognizing the symbiont telomeres sequence (TTTAGGG)n (named T3, the
symbiont TL being abbreviated as T3L) and then with a probe recognizing the host
telomeres sequence (TTAGGG)n (named the T2 probe, the host TL being
abbreviated as T2L) (SupFig4). Beyond mean TL, we calculated several parameters
describing the shape of the TL distribution (in particular an eventual skewness
toward short or long TLs): median (med), 1st quartile TL limit (Q1), 3rd quartile TL
limit (Q3) and interquartile distance (1Q). The terminal localization of the radiolabeled
fragments was checked by Bal31 digestion (SupFig1).

We measured T2L and T3L of 1095 coral colonies collected in 32 islands during the
Tara-Pacific expedition belonging to three genera: Pocillopora (n=444) Porites
(n=409) and Millepora (n=242). For the three genera and whether for T2L or T3L,
there are good correlations between the different parameters (mean, median, Q1,
Q3 and 1Q), which was expected for some of them (e.g. IQ = Q3-Q1) (SupFig2).
These measurements reveal the existence of significant TL variations between the
colonies of the three genera both for the hosts and the symbionts. Noteworthy, the
mean T2L distribution appears tightened up while the T3L variation is widely spread
(Fig1F). A different distribution pattern is observed for the hydrozoan Millepora sp
population with mean T2Ls higher and more widely distributed than the mean T3Ls
(Fig1E-G). The range of means T2Ls (5.8 + 2.4 kb for Porites sp.; 5.1 £ 1.0 kb for
Pocillopora sp. and 12.2+8.1 kb for Millepora sp.) (Fig1G) is consistent with previous
reports on coral TL ranging from (~4kb) in Acropora surculosa (Sinclair, Richmond,
and Ostrander 2007) to (~19.5kb) in Favia pallida and Leptoria phrygia (Zielke and
Bodnar 2010) and (~20kb) in the hydrozoan Hydra vulgaris (Traut et al. 2007).
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Telomere DNA length does not correlate with colony size

First, we asked whether the mean T2L variations depend upon colony size, which
can be used as a proxy for colony age. This was tested by a dedicated sampling of
colonies according to four diameter classes: Pocillopora sp and Porites sp at
Clipperton island (Fig.1 A-C); Porites sp at Palau North (Fig.1 B,D). No difference of
mean T2L was detected between colonies of different sizes. Moreover, we were
unable to detect any global correlation between the T2Ls of the Pocillopora sp.
samples collected in the 32 islands of the Pacific-Pacific expedition and the different
size parameters estimated for the corresponding colonies (Sylvain Agostini
unpublished data) (SupFig3).

We also addressed this question by taking advantage of a repeated sampling at
roughly two years difference (2016 and 2018) performed at the same diving sites of
Coiba island (Fig1: E). Because the colonies were not tagged in 2016, the 2018
sampling was not necessarily performed on the same colonies. Nevertheless, we did
not observe differences for the mean T2L of Pocillopora sp. (p>0.5) nor Porites sp.
(p>0.1) colonies collected in 2016 and in 2018.

We conclude that colony size, and very likely their age, cannot resolve the T2L
variation observed for the two populations of scleractinian corals collected during the
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