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Abstract: Bioenergetic modeling of symbiotrophic bivalves

Bivalves live along a broad depth range, from shallow to deep-sea wa-
ters. Some bivalves built a peculiar relationship with endosymbiotic
chemosynthetic bacteria, able to oxidize sulfur. These symbionts use
sulfur compounds, such as hydrogen sulfide, as an inorganic source of
electrons to synthesize organic compounds from carbon dioxide in par-
ticular. Symbiotic bivalve species from shallow waters feed on the or-
ganic matter available in suspension around them, and also derive nu-
tritional benefits from their bacterial symbionts, whereas in deep waters
they depend mostly on their symbionts. In this thesis, the dynamic rela-
tionship between a deep-sea vesicomyid bivalve and its sulfur-oxidizing
symbionts was studied using the dynamic energy budget (DEB) theory
(Kooijman, 2010). To parameterize the model, life history traits (called
zerovariate data) and data associating a dependent variable with an in-
dependent variable (called univariate data) were used. This is the first
time that such a DEB model explicitly integrating symbionts has been
built for a deep-sea species. Currently, there is only one DEB model for a
deep-sea benthic invertebrate species and two DEB models on symbio-
sis, between symbiotic photosynthetic algae and cnidarians (coral and
anemone). Experimental work to obtain data on a shallow-water symbi-
otic lucinid bivalve species (growth experiment; sulfur content of gills)
and conceptual advances in the development of a bioenergetic model
for this species are presented. The relevance of developing such models,
their possible applications and further developments are also discussed.

Keywords: dynamic energy budget, symbiosis, bivalve, cold seep, sea-
grass bed, seagrass, sulfur-oxidizing bacteria



Résumeé : La modélisation bioénergétique de bivalves symbiotrophiques

Les bivalves vivent a des profondeurs tres variables, des eaux peu pro-
fondes aux eaux profondes. Certains bivalves ont établi une relation par-
ticuliere avec des bactéries chimiosynthétiques endosymbiotiques capa-
bles d’oxyder le soufre. Ces symbiotes utilisent des composés soufrés,
tels que le sulfure d’hydrogene, comme source inorganique d’électrons
pour synthétiser des composés organiques a partir du dioxyde de car-
bone notamment. Les especes de bivalves symbiotiques des eaux peu
profondes se nourrissent de la matiere organique disponible en suspen-
sion autour d’elles et tirent également des avantages nutritionnels de
leurs symbiotes bactériens, tandis qu’en eaux profondes, elles dépen-
dent principalement de leurs symbiotes. Dans cette these, la relation dy-
namique entre un bivalve vésicomyidé d’eau profonde et ses symbiotes
oxydant le souffre a été étudiée a I'aide de la théorie du budget énergé-
tique dynamique (DEB) (Kooijman, 2010). Pour paramétrer le modele,
des traits d’histoire de vie (appelés données zérovariées) et des données
associant une variable dépendante a une variable indépendante (ap-
pelées données univariées) ont été utilisés. C’est la premiere fois qu'un
tel modele DEB intégrant explicitement les symbiotes est construit pour
une espece d’eau profonde. Actuellement, il n’existe qu’un seul modele
DEB sur une espece d’invertébré benthique d’eau profonde et deux mod-
eles sur la symbiose, entre les algues photosynthétiques symbiotiques et
des cnidaires (corail et anémone). Des travaux expérimentaux visant a
obtenir des données sur une espece symbiotique cotiere de lucine (ex-
périence de croissance ; teneur en soufre des branchies) et des avancées
conceptuelles dans le développement d’'un modele bioénergétique pour
cette espece sont présentés. La pertinence du développement de tels
modeles, leurs possibles applications et développements ultérieurs sont
également discutés.

Mots clés: budget énergétique dynamique, symbiose, bivalve, suinte-
ment froid, herbier marin, bactéries sulfo-oxydantes
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X1

Glossary

abj model DEB model with a metabolic acceleration between birth (EIZ)

and metamorphosis (Equ).

abj-farming model DEB model based on the abj model where sulfur-
oxidizing symbionts were added explicitely, and where host obtain
food through the digestion of its symbionts.

adult DEB terminology. Life stage where the organism is able to feed
on external food sources and is able to reproduce.

assimilation DEB terminology. Process by which intaken energy is fixed
into reserve(s).

bacteria one of the three domains in biology with Archaea and Eukarya.
Belongs to prokaryotes (i.e., single-cell organism without nucleus
and without membrane-bound organelles).

benthic living at the lowest level of a body of water; opposed to pelagic.

birth 1. biology. Emergence of offspring. 2.DEB terminology. Metabolic
switch occuring when the organims start feeding (start of assimi-
lation) at maturity level Eg. Does not necessarily concomit with
biological birth.

bivalve animal belonging to the Bivalvia class of mollusks; laterally
compressed, have two valve articulated around a hinge.

chemosymbiosis “nutritional partnerships between eukaryotic hosts and
bacterial symbionts. The symbionts gain energy by oxidizing re-
duced chemical compounds, such as sulfide or methane, to fix CO2
and other small carbon compounds into biomass, to provide them-
selves and their hosts with nutrition” (Sogin et al., 2020). Syno-
mym: chemosynthetic symbiosis.

chemosymbiotic uses chemosymbiosis.



connectivity “links between network entities; population connectivity
is the exchange of individuals among geographically separated sub-
populations that comprise a metapopulation. Set in the context of
benthic-oriented marine species, population connectivity encom-
passes the dispersal phase from reproduction to the completion of
the settlement process (including habitat choice and metamorpho-
sis)” (Cowen et al., 2007).

deep-sea area below 200 m depth of the surface of seas and oceans, not
reached by sun light; opposed to shallow sea.

dissipation DEB terminology. Process by which reserve is used, not
linked to net biomass production (= metabolic work). Dissipation
include somatic and maturity maintenances, maturation and re-
production overhead.

dynamical system “time-evolving system defined completely by a set
of state variables, their changes being describable with one or more
differential equations” (Kearney et al., 2021).

embryo 1. biology. Early developmental stage of an animal, before
birth. 2. DEB terminology. Life-stage where the organism does
not feed and relies on its egg reserves.

fan “deposits of variable shapes and sizes in deep-marine environments.
The principal elements of submarine fans are canyons, channels,
and lobes.” (Shanmugam, 2019).

farming in chemosymbiosis, host feeding strategy in which “the host
provides ideal growth conditions for its symbionts and then di-
gests them” (Sogin et al., 2020).

filter-feeding feeding by filtering food suspended in the water.

functional response “The ingestion rate of an organism as a function
of food density” (Kooijman, 2010).

gill respiratory organ of aquatic animals extracting dissolved oxygen
from water; used for filter-feeding by some animal, such as bi-
valves.

growth DEB terminology. Process linked to the increase of structure.
host larger partner in a symbiotic relationship.

inorganic derived from non-living components, lacking carbon-energy

bonds.



juvenile 1. biology. imature organism, have not reached adult size and
form. 2. DEB terminology. Life stage where the organism is able
to feed on external food sources but is not oble to reproduce yet.
In the abj model this life stage is divided into two stages: the early
juvenile (which correspond to a larval stage) and the late juvenile
stage.

larva biological stage in the development of an animal occurring after
birth or hatching that is not mature and has a form different from
the adult mature form.

lecithotrophic larva developping from egg rich in energy, non-feeding
by defintion.

maturation DEB terminology. Increase of the organism maturity level
Ey.

maturity DEB terminology. Level of energy invested by the organism
to reach puberty.

maintenance DEB terminology. “A rather vague term denoting the col-
lection of energy-demanding processes that life seems to require
to keep going, excluding all production processes.” (Kooijman,
2010).

metamorphosis 1. biology. rapid physical changes occuring after birth.

2. DEB terminology. Level of maturity (Eé,) marking the end of
metabolic acceleration to reach the metamorphosis.

milking in chemosymbiosis, the host feed by “direct transfer of organic
carbon from the symbiont” (Sogin et al., 2020).

organic derived or produced by living organisms, having carbon-hydrogen
bonds.

organism “an open thermodynamic system using energy to maintain
and increase its ordered state, and matter to grow and reproduce,
under the instruction of internally referenced information (RNA,
DNA).” (Kearney et al., 2021)

parameter “a quantity in a model that describes the behavior of state
variables. It is usually assumed to be a constant and its value is
typically estimated from data using explicit criteria.” (Kooijman,
2010).

pelagic live in the water column; opposed to benthic.



phylogenetics “study of the evolutionary history and relationships among
individuals, groups of organisms (e.g., populations, species), or
other biological entities with evolutionary histories (e.g., genes,
biochemicals, or developmental mechanisms)” (plato.stanford.edu).

planktonic micro-organism carried by currents, floating more or less
passively.

planktotrophic feed on plankton. Usually larva developping from egg
poor in energy reserve.

puberty DEB terminology. Metabolic switch, occuring at maturity level
Ef; where energy previously allocated to increase maturity is then
allocated to reproduction.

reserve DEB terminology. Buffer to fluctuation of external food density.
Used by the organism for its metabolic needs (growth, maturation,
reproduction and maintenance).

shallow-sea area above 200 m depth of the surface of seas and oceans;
opposed to deep-sea.

species “groups of actually or potentially interbreeding natural popu-
lations which are reproductively isolated from other such groups”
(Mayr, 1999).

state variable “a variable which determines, together with other state
variables, the behaviour of a system. The crux of the concept is
that the collection of state variables, together with the input, deter-
mines the behaviour of the system completely” (Kooijman, 2010).

structure DEB terminology. Proportional to the physically measurable
length L of the organism by the shape factor 6.

symbiosis “association between different species from which all partic-
ipating organisms benefit” (Stachowicz, 2011).

symbiont smaller partner in a symbiotic relationship.

trocophore first free-swimming planktonic larval stage characterized
by bands of cilia; occurs in mollusks and polychaete annelids.

univariate data DEB terminology. Sets of pairs of values for an inde-
pendent variable and an associated dependent variable.



veliger free-swimming larval stage in mollucs occuring after the tro-
cophore larva. Bivalve veliger larva has three stage of develope-
ment: the D-veliger, the umbo-veliger and the pediveliger. The D-
veliger corresponds to the early veliger stage, named after its “D”
capital letter form; umbo-veliger loses its D-form as the umbo (see
Fig. 1.1 in Chapter 1) develops. The foot appears at pediveliger
stage.

velum organ with ciliated bands of the trocophore and veliger larva;
used for swimming and can be also use to feed.

zerovariate data DEB terminology. Scalars that quantify a characteris-
tic of the organism at a given time.
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Abbreviations

C. c. canutus Calidris canutus canutus

C. nodosa Cymodocea nodosa (Ucria) Ascherson

C. regab Christineconcha regab

C.T. endoloripes Candidatus Thiodiazotropha endoloripes
C. T.lotti Candidatus Thiodiazotropha lotti

C. T. taylori Candidatus Thiodiazotropha taylori

C. T. weberae Candidatus Thiodiazotropha weberae
DEB dynamic energy budget

FISH fluorescence in-situ hybridization

L. borealis Lucinoma borealis

L. divaricata Lucinella divaricata

L. lacteus Loripes lacteus

L. lucinalis Loripes lucinalis

L. orbiculatus Loripes orbiculatus

P1 prodissoconch 1

P2 prodissoconch 1

PLD pelagic larval duration

RNA ribonucleic acid

SEM scanning electron microscopy

SSU small subunit



T. endolucinida Thiodiazotropha endolucinida
WACS West Africa Cold Seeps
Z. marina Zostera marina

Z. noltii Zostera noltii
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Symbols

dp density of reserve (gcm™)

dy density of structure (gcm™)

E energy in reserve (J)

[Eg] volume-specific costs of structure (Jcm™)

[Egn] host volume-specific costs of structure (Jcm™3)

[Egs] symbiont volume-specific costs of structure (Jcm™>)

Ej, host energy in reserve, non allocated (J)

Ey, symbiont potential energy of structure (J)

[Eyv,] symbiont volume-specific potential energy of structure (Jcm=>)
E; symbiont energy in reserve, non allocated (J)

[E;] symbiont reserve density (Jcm™)

Ecp, host volume-specific costs of structure (Jcm™3)
Ec, symbiont volume-specific costs of structure (Jcm™3)

Ey accumulated energy investment into maturation (J)

Epy host accumulated energy investment into maturation (J)
EIb{ maturity at birth (J)

E?Ih host maturity at birth (J)

E g maturity at hatching (J)

E I’flh host maturity at hatching (J)



E{{ maturity at metamorphosis (J)

E;{h host maturity at metamorphosis (J)

Eg maturity at puberty (J)

Eirh host maturity at metamorphosis (J)

Er energy in the reproduction buffer (J)

Egp host energy in the reproduction buffer (J)
f scaled functional response (-)

fr host scaled functional response (-)

{Pm} specific searching (filtering) rate (cm?cm=2d™!)

{th} host specific searching (filtering) rate (cm?>cm=3d!)

{Fms} symbiont specific searching rate cm*>cm=>d™!)
fs symbiont scaled functional response (-)
h, Weibull aging acceleration

h,, host Weibull aging acceleration

J (unit) Joule, International System unit of energy measurement (base
unit)

K 1. (unit) Kelvin, International System unit of temperature measure-
ment (base unit). 2. dynamic energy budget half saturation coeffi-
cient (d~1)

ks symbiont specific-energy conductance (d~1)

k] maturity maintenance rate coefficient (d~!)

k]h host maturity maintenance rate coefficient (d7!)
L structural length (cm)

L, sength at birth (cm)

L; sength at metamorphosis (cm)

L,, maximum structural length (cm)



L;ff reference structural length (=1cm) (?)

pa assimilation rate (Jd=1)

Pan host assimilation rate (Jd=1)

Pas symbiont assimilation rate (Jd=!)

{Pam} surface-area-specific maximum assimilation rate (Jem=2d~!)
{Pamn) host surface-area-specific maximum assimilation rate (Jem=2d!)
[Pams] symbiont volume-specific maximum assimilation rate (Jem=3d!)
pc reserve mobilization rate (Jd1)

Pch host reserve mobilization rate (Jd=!)

Pcs symbiont reserve mobilization rate (Jd=!)

pc growth rate (Jd™!)

pcn host growth rate (Jd=1)

Pgs symbiont growth rate (Jd™!)

p; maturity maintenance (Jd™')

[pp] volume-linked somatic maintenance rate (Jem=>d~!)

[pan] host specific volume-linked somatic maintenance rate (Jem=3d~!)
[pas] symbiont specific volume-linked somatic maintenance rate (Jcm=3d 1)
ps volume-specific somatic maintenance rate (Jem=3d!)

Psn host volume-specific somatic maintenance rate (Jem=3d™!)

pr maturation/reproduction rate (Jcm=3d=1)

Pss symbiont volume-specific somatic maintenance rate (Jem=>d=1)
{pr) specific surface area-linked somatic maintenance rate (Jem=2d!)
px feeding rate (Jd!)

pxn host feeding rate (Jd=1)

Pxen host feeding rate from symbiont reserve (Jd!)



Pxnv host feeding rate from symbiont structure (Jd=!)
{Pxm) maximum feeding rate (Jd~!)

{Pxmn} host maximum specific feeding rate (Jem=2d!)
{Pxms} symbiont maximum specific feeding rate (Jem=>d!)
Pxs symbiont feeding rate (Jd!)

#g von Bertalanffy growth rate (d~! or yr™!)

sg Gompertz stress coefficient (-)

sgn host Gompertz stress coefficient (-)

sy acceleration factor (-)

T temperature (°C)

T4 Arrhenius temperature (°C)

T, reference temperature (°C)

V structural volume (cm?)

V;, host structural volume (cm?)

V, symbiont structural volume (cm?)

v energy conductance (cmd~!)

v;, host energy conductance (cmd™!)

vgs host half saturation coefficient, value of food (V; + E;) density where
ingestion (pxgp+pxuy) is half of its maximum (-)

z zoom factor (-)

oy shape coefficient (-)

Ome shape coefficient of larva (-)

Omen host shape coefficient of larva (-)

Oy host shape coefficient (-)

Omvs symbiont structure shape coefficient (-)

k fraction of mobilised reserve allocated to soma (-)



K, host fraction of mobilised reserve allocated to soma (-)
kg growth efficiency, fraction of growth energy fixed in structure (-)

kgr host growth efficiency, fraction of host growth energy fixed in struc-
ture (-)

Kgs symbiont growth efficiency, fraction of symbiont growth energy fixed
in structure (-)

kp fraction of food energy fixed in non assimilated products (-)
Kpy host fraction of food energy fixed in non assimilated products (-)
kps fraction of food energy fixed in non assimilated products (-)

kg reproduction efficiency, fraction of reproduction energy fixed in eggs
(-)

kgry reproduction efficiency, Fraction of host reproduction energy fixed
in eggs (-)

kx fraction of food energy fixed in reserve (-)
kxp fraction of host food energy fixed in reserve (-)
Kxs fraction of symbiont food energy fixed in reserve (-)

jip chemical potential of reserve (Jmol™!)






Chapter 1

General introduction

1.1 Bivalvia (Linnaeus, 1758)

1.1.1 Morphological description

Bivalves are mollusks sharing synapomorphic characters: an external
shell compressed laterally composed of two valves articulated around a
dorsal hinge and joined by a dorsal ligament, with one or two adduc-
tor muscles (Fig. 1.1) (Venkatesan & Mohamed, 2015). All of these mor-
phological features allow the valves to be maintained together (Venkate-
san & Mohamed, 2015). Bivalves do not have a radula (a kind of raspy
tongue) which is present in other mollusk class (Venkatesan & Mohamed,
2015).

Bivalves live mainly in marine water, but also in fresh water. They
live along a broad depth range, from shallow waters (> 200 m depth
below surface water) to deep-sea waters (< 200 m depth below surface
water from where sunlight decreases rapidly) (Venkatesan & Mohamed,
2015). Their lifestyles are greatly diversified. The ancestor of bivalves
is thought to be vagile and epifaunal (i.e., living on the bottom sed-
iments) and to have a flat sole as foot, which is present in the genus
Nucula (Seilacher, 1985; Stanley, 1972). Infaunal bivalves (i.e., living
within bottom sediments) burrow more or less close to the surface in
various ways. Their shell structure is shaped in function of their en-

vironment, such as rocky, woody, soft and muddy substrates, and in
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Figure 1.1: Bivalvia general morphology. (a) external shell (Figure from Oliver
et al.,, 2016) ; (b) internal shell (Figure from Oliver et al., 2016); (c) internal
general organization (Figure modified from Wada et al., 2020).
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Figure 1.2: Bivalve ctenidium filaments (gills). A, protobranch ctenidium; B,
filibranch ctenidium; C, eulamellibranch ctenidium (Figures from Coan and
Valentich-Scott, 2006).

function of the depth they burrow (Seilacher, 1985). Bivalves that bur-
row deeper are more protected from environmental disturbances and
predators (Seilacher, 1985). Epifaunal bivalves possess a byssus pro-
duced by a byssogen gland at the base of the foot to fix themselves to
hard substrates and/or conspecifics (Stanley, 1972). Epifaunal species
without byssogen gland are descendant of taxa that had it. Some bi-
valve species with a byssogen gland live buried in sediments (Stanley,
1972). Gills, also named ctenidia, are the respiratory and feeding or-
gan. Bivalves are mainly filter-feeder that feed on suspended organic
mater by filtering water with their gills. Primitive bivalves use palps
to collect nutrients at the surface of sediments while others have ad-
vanced gill structure: gills of protobranch were improved to filibanch
and then improved to eulamellibranch which have the most complex
structure (Fig. 1.2) (Seilacher, 1985). Some species, such as photosym-
biotic and chemosymbiotic ones, have a reduced digestive system and
obtain their food through the symbiosis with photosynthetic algae or
chemosynthetic bacteria, respectively (Seilacher, 1985).

1.1.2 Classification, evolution and phylogeny

Bivalves are though to appear during early Cambrian time (Bieler &
Mikkelsen, 2006; Wanninger & Wollesen, 2019) (Fig. 1.3). Bivalvia (An-
imalia, Mollusca) is the second class of the Mollusca phylum in term of
species abundance, Gastropoda class being the first (Bieler & Mikkelsen,
2006; Bieler et al., 2013). The number of living bivalve species is esti-
mated from 8 to 20 thousand species (Bieler et al., 2013). One of the
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main scenario of the evolution of mollusks based on phylogenetic stud-
ies divides the Mollusca phylum into two paraphyletic sub-phylum, the
Aculifera and the Conchifera. The Aculifera groups together vermi-
form aplacophorans and multi-shelled polyplacophorans whereas the
Conchifera includes all the other mollusks (Fig. 1.3) (Wanninger & Wolle-
sen, 2019). The Conchifera is monophyletic in major scenarios. How-
ever, opinions diverge on the relationships inside this sub-phylum (Wan-
ninger & Wollesen, 2019). Conchiferans kept a single shell and a mus-
cular seriality from their molluscan ancestor (Fig. 1.3) (Wanninger &
Wollesen, 2019). In Bivalvia, a second shell valve appeared as well as

two adductor muscles (Fig. 1.3) (Wanninger & Wollesen, 2019).
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Figure 1.3: Hypothesized intraphyletic relationships and evolutionary path-
ways of Conchifera based on major exoskeletal and muscular subsets. DV,
Dorso-ventral (muscles). Red square, change(s) in character(s) state. Colors
on drawings: Magenta, dorso-ventral musculature; Orange, adductor mus-
cles; Yellow, cephalic retractor muscles. (Figure from Wanninger and Wolle-
sen, 2019).

Bivalvia classification was discussed a lot along history and still is.

8th

Old bivalve classifications since the end of the 18" century were solely
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based on various hard and/or soft morphological features of bivalves,
depending on taxonomists, such as valve forms, hinge-teeth, adductor
muscles, the absence or the presence of byssogen gland, the fusion of
mantle lobes, siphons, the shape of the foot, the absence or the presence
of the pallial sinus, gills, the ligament and the stomach (Fig. 1.1) (Bieler
& Mikkelsen, 2006; Cox, 1960). Different synonymous names to design
bivalve class were advanced, such as Lamellibranchiata or Pelecypoda
but they are not accepted in today’s classification and Bivalvia name re-
mained (Cox, 1960). Afterwards, many different hypotheses on Bivalvia
classification were proposed based on phylogenetics, using method such
as neighbor joining, maximum-likelihood and parsimony, which were
not all congruent (Fig. 1.4) (Bieler & Mikkelsen, 2006; Giribet et al.,
2002; Giribet & Wheeler, 2002). The classification of bivalves is rather
confusing because of the richness of bivalve species and of the differ-
ent division/sub-division made with various names depending on tax-
onomists (Bieler & Mikkelsen, 2006; Cox, 1960).
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Figure 1.4: Two main recent Bivalvia (Linnaeus, 1758) classifications based on
phylogenetics (modified from Formaggioni et al., 2022). A, Heteroconchia hy-
pothesis; B, Amarsipobranchia hypothesis. Blue stars, presence of chemosym-
biotic species.
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1.1.3 Life cycle of bivalves

Bivalves have an indirect development (i.e., with a larval stage). Fer-
tilization is most of the time external into the water column. Fertilize
egg divides and becomes a trochophore larva, which then grows into
a veliger larva (Venkatesan & Mohamed, 2015). Free-swimming larvae
go through metamorphosis, leading to the bivalve definitive adult form
and settling to a benthic lifestyle and (Joyce & Vogeler, 2018; Venkate-
san & Mohamed, 2015). Most of species are gonochoric and others are
hermaphrodite (Giribet & Wheeler, 2002). Hermaphroditism can oc-
cur simultaneously (having male and female reproductive features at
the same time) or successively (as protandry, transforming from male to
female or as protogyny (transforming from female to male), or alterna-
tively (alternating between male an female) (Giribet & Wheeler, 2002).

There are by definition two types of larval development in bivalves,
depending on how the larva feed, lecithotroph (i.e., “feeding on yolk”)
and planktotroph (i.e., “feeding on plankton”). In lecithotroph develop-
ment the larva rely on its egg maternal reserve whereas in planktotroph
development, the larva feeds on phytoplankton and zooplankton (Allen
& Pernet, 2007). Larger eggs with more energy reserve are attributed to
a lecithotrophic development whereas smaller ones to a planktotrophic
development (Allen & Pernet, 2007). Still, species with important egg
reserve might be feeding at some stage of their larval development and
be facultative planktotroph (Allen & Pernet, 2007).

The first shell secreted is formed at the onset of the veliger larval
stage and named prodissoconch 1 (P1). Its secretion is homogeneous
and smooth. In species with planktotrophic larva (i.e., feeding on plank-
ton), a second prodissoconch (P2) is secreted by cells from mantle mar-
gin whereas in species with lecithotrophic larvae there is only P1. Af-
ter settlement, the dissoconch which corresponds to the adult shell is
formed (Taylor & Glover, 2021).
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1.2 Chemosymbiosis

1.2.1 Symbiosis definition

Symbiosis is usually defined as an “association between different species
from which all participating organisms benefit” (Stachowicz, 2011). How-
ever, symbiosis cover a large spectrum of interactions between partners,
from mutualism to small parasitism, depending on the relationships be-
tween the host and its symbionts (Douglas, 2008; Douglas & Werren,
2016; Rosenberg & Zilber-Rosenberg, 2011). Symbiosis allows one of
the partner to obtain novel metabolic capability (Douglas, 1994; Dou-
glas, 2014). The concept of a superorganism, where host and its micro-
biome evolve together, require a fidelity between the symbiotic partners
(Douglas & Werren, 2016). This is unlikely to happen to the whole host
microbiome and such approach integrates features of both partners and
excludes some interactions such as conflictual interactions (Douglas &
Werren, 2016). Hologenome concept appears to be a restrictive assump-

tion to study host-symbiont systems (Douglas & Werren, 2016).

1.2.2 Chemosynthetic symbionts

1.2.2.1 Symbionts, a carbon source for the host

Some organisms at the base of the food chain are able to produce their
own food (e.g., sugars). Such processes require energy. Chemosynthesis
and photosynthesis are the two known forms of primary production (So-
gin et al., 2020). Photosynthetic organisms use light as an energy source
to fix inorganic carbon while chemosynthetic organisms use alternative
sources of energy (Sogin et al., 2020).

In 1796, Ingen-Housz was the first to use the terms “oxidation” and
“respiration”, affirming also that “fixed air” by plants is composed of
carbon and oxygen (carbon dioxide CO,) and that this process was de-
pendant on light (Govindjee & Krogmann, 2004). In photosynthesis, the
generation of organic molecules (e.g., glucose C¢H;,0g¢) is done by us-

ing inorganic carbon dioxide (CO,) and water (H,0), releasing dioxygen
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(O,) during the process (Eq. 1.1) (Govindjee & Krogmann, 2004; Stirbet
et al., 2020). Plants (angiosperms, gymnosperms, pteridophytes, and
bryophytes), green algae, multipigmented algae (e.g., red, brown and
yellow algae, diatoms), and prokaryotes (cyanobacteria and prochloro-
phytes) do photosynthesis (Govindjee & Krogmann, 2004; Stirbet et al.,
2020).

nCO,+nH,O+light — (CH,0),,+n0;+loss as heat and fluorescence
(1.1)

Equation 1.1: General equation of photosynthesis. CO,, carbon dioxide; H,O,
water; CH, O, sugar; O,, dioxygen.

The first bacterial chemosynthesis was described more than one cen-
tury later in 1906 by Sohngen. He observed that the bacterium Bacillus
methanicus was able to oxidize methane (CHy) (Scheutz et al., 2009).
Chemosynthesis has been observed in micro-organisms such as ammo-
nium and nitrite oxidizers, sulfur reducers and oxidizers, iron and man-
ganese oxidizers, methanogens (Archaea), methylotrophs and methan-
otrophs, hydrogen oxidizers and acetogens (Enrich-Prast et al., 2009).
Most of chemosymbionts are part of the Proteobacteria and the Campy-
lobacterota phyla (Sogin et al., 2020). A host can house more than one
symbiont type which use different reduced compounds to fix carbon
(Ansorge et al., 2019; Sogin et al., 2020). Sulfur-oxidizing bacteria are
predominants in chemosymbioses, followed by methane-oxidizing bac-
teria.

Organisms that do chemosynthesis use energy released by chemical
reactions to generate their own food (Sogin et al., 2021). Chemosyn-
thetic bacteria are able to fix inorganic carbon (called autotrophy; e.g.,
carbon dioxide CO;) and/or C-1 organic carbon (called heterotrophy;
e.g., methane CHy) (Figs. 1.5 and 1.6) (Sogin et al., 2021). The key en-
zymes fixing CO, are the ribulose-1,5-bisphosphate carboxylase / oxy-
genase (RuBisCO), the adenosine triphosphate lyase (ACL), the carbon
monoxyde dehydrogenase (CODH) and the acetyl-CoenzymeA-synthase
(ACS) whereas the key enzymes fixing CH, are the serine-glyoxylate
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aminotransferase (SagA), the malyl-CoA lyase (MclA) and the carboxy-
lases (Fig. 1.6) (Sogin et al., 2021).
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Figure 1.5: General metabolic pathways of symbionts’ chemosynthesis. Co-
enzyme: NAD+, oxidize nicotinamide adenine dinucleotide; NADH, reduced
nicotinamide adenine dinucleotide. Nucleotide: ADP, adenosine diphosphate;
ATP, adenosine triphosphate. Ion: H, hydrogen; Others: IN, inner mem-
brane; OM, outer membrane; NAD(P)+ oxidize nicotinamide adenine din-
ucleotide phospate; NAD(P)H, reduced nicotinamide adenine dinucleotide
phosphate (Figure from Sogin et al., 2021).

The energy sources used by chemosynthetic bacteria (instead of light
in photosynthesis) can be from two origins, organic such as methane
(CHy) or inorganic such as reduced inorganic sulfur compounds (hydro-
gen sulfide H,S or thiosulfate SzOg_), hydrogen (H;) or carbon monox-
ide (CO) (Figs. 1.5 and 1.7) (Sogin et al., 2021). One kind of energy
source or both can be used by chemosynthetic symbionts depending on
their metabolism and available chemicals in their environment. Most
of them use both (Sogin et al., 2021). Sulfur-oxidizing symbionts can
use reduced sulfur compounds, carbon monoxide, and hydrogen while
methanotrophic symbionts use methane as energy source (Fig. 1.7) (So-
gin et al., 2020). In sulfur-oxidizing bacteria, key enzymes are sulfide
quinone reductase (Sqr), flavocytochrome ¢ (Fcc), sulfur oxidation en-
zyme complex (SOX), dissimilatory sulfite reductase (Dsr), Adenylyl-
sulfate (APS) reductase, and adenosine triphosphate (ATP) sulfurylase
(Fig. 1.7) (Sogin et al., 2021). The diversity of symbiont metabolic path-
ways within a bivalve species host may allow the symbionts to avoid

competition for ressources, to co-exist and to adapt to available nu-
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Figure 1.6: Carbon sources in symbionts’ chemosynthesis with key enzymes
involved in carbon assimilation. (a) Inorganic source (Carbon dioxide CO,); (b)
Organic source (methane CHy). Brown, key enzymes: ACL, ATP-citrate lyase;
RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase ; ACS, acetyl-
CoA-synthase; CO, carbon monoxide; CODH, carbon monoxide dehydroge-
nase; MclA, malyl-CoA lyase; SagA, serine-glyoxylate aminotransferase. Coen-
zyme: H,F, tétrahydrofolate; HyMPT, tetrahydromethanopterin; Series of
chemical reactions: CBB, Calvin-Benson-Bassham cycle; rTCA, reductive tri-
carboxylic acid pathway; RuMP, ribulose monophosphate pathway; TCA, tri-
carboxylic acid cycle; Molecules: Acetyl-CoA, acetyl coenzyme A; C0,, carbon
dioxide; CHOH, formaldehyde (oxidized CHy); CHOOH, formate (oxidized
CHOH); Corg, organic carbon. Others: IM, inner membrane; OM, outer mem-
brane; PEP, phosphoenolpyruvate (enzyme) (Figure from Sogin et al., 2021).
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trients (Ansorge et al., 2019; Sogin et al., 2021). The cultivation of
chemosynthetic symbionts have not been successful yet (Sogin et al.,
2020).

Carbon
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& | A~
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Sqr l Ly h ;
H,S —|Dsr —';Apr—'>Sat —» SO
Methane Hydrogen
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cH,0H LB con . i dH
j \Hj-ases/
CHOH

Figure 1.7: Energy sources in symbionts’ chemosynthesis with key enzymes in-
volved in the acquisition of energy. Green, key enzyme: Apr, Adenylyl-sulfate
(APS) reductase; Dsr, dissimilatory sulfite reductase; H2-ase, hydrogenase; Fcc,
flavocytochrome c; Pmo, particulate methane monooxygenase complex; Sat,
ATP sulfurylase; SOX, sulfur oxidation enzyme complex; Sqr, sulfide:quinone
oxidoreductase; XoxF, methanol dehydrogenase. Molecule: CH,, methane;
CHOH, formaldehyde; CH;OH, methanol; H,S, hydrogen sulfide. Ion: H™,
hydrogen cation; SO}, sulfate anion; Other: IM, inner membrane; OM, outer

membrane; S°, elemental sulfur; red arrow, flow of electron. (Figure modified
from Sogin et al., 2021).

Some symbionts use oxygen as terminal electron acceptors, as their
hosts, but some also use alternative terminal electron acceptors as ni-
trate, fumarate and dimethysulfoxyde that is believed to avoid competi-
tion with their hosts for oxygen (Figs. 1.5 and 1.8) (Sogin et al., 2021).

1.2.3 Chemosymbiosis in marine invertebrates

Chemosynthesis in marine invertebrates is believed to be a convergent
evolution as it appeared at several times and independently (Sogin et

al., 2020). Chemosymbiosis is present in marine Mollusca (bivalves and
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Figure 1.8: Terminal electron acceptors in symbiont’s chemosynthesis. Pur-
ple, key enzymes involved in respiration: DeNit, denitrification; DmsoRes,
dimethyl sulfoxide respiration; FumRes, fumarate respiration; OxRes, oxygen
respiration; NiRes, nitrate respiration. Ion: NOj, nitrate anion; NO,, nitrite
anion. Molecules: DMS, dimethyl sulfide; H,O, water; N,0, nitrous oxide.
Others: red arrows, flow of electrons (Figure modified from Sogin et al., 2021).

gastropods), Nematoda (nematodes), Platyhelminthes (flatworms), An-
nelida (polychaetes and clitellates), Arthropoda (shrimps and crabs) and
Ciliophora (cilliates) phyla (Fig. 1.9) (Sogin et al., 2020).

The polychaete species Riftia pachyptila (Fig. 1.9a) from hydrother-
mal vent houses endosymbionts in a highly vascularised organ named
trophosome (Sogin et al., 2020). Chemosymbiotic snails (Fig. 1.9b) have
symbionts in their gills (Sogin et al., 2020). Chemosymbiotic clams and
mussels from shallow water and from deep sea (e.g., Figs. 1.9c and d)
have endosymbionts in their well developped gills (Sogin et al., 2020).
Specialized cells containing bacteria within the gills are called bacterio-
cytes (Rosenberg & Zilber-Rosenberg, 2011). Deep-sea symbiotic shrimps
(e.g., Fig. 1.9e) have chemosynthetic symbionts in their digestive sys-
tem (Guéganton et al., 2022). In the phylum of Annelida, symbiotic
oligochaete, such as the gutless Olavius algarvensis from shallow wa-
ter, have endosymbionts (Dubilier et al., 2001; Sogin et al., 2021). Hy-
drothermal vent and cold-seep Kiwa crabs (Fig. 1.9f) have filamentous
e- and y- Proteobacteria episymbionts on chelipeds setae which are able
to fix inorganic carbon and oxidize sulfur (Goffredi et al., 2003; Goffredi
et al., 2008; Thurber et al., 2011). Symbiotic marine nematods have spe-
cific epibionts (Sogin et al., 2020).
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Figure 1.9: Deep-sea chemosymbiotic marine invertebrates species.
(a) Giant tubeworms Ryftia pachyptila (Annelida, Polychaeta) (Ifre-
mer (2010). https://image.ifremer.fr/data/00568/67973/); (b) Shrimp
Rimicaris exoculata (Arthropoda, Crustacea) on hydrothermal vents.
(Ifremer (2014). https://image.ifremer.fr/data/00702/81445/);  (c)
Vesicomyid clams (Mollusca, Bivalvia) (Ifremer (2001). Campagne
BIOZAIRE2 https://image.ifremer.fr/data/00574/68564/);  (d) Bathy-
modiolus  azoricus mussels (Mollusca, Bivalvia) (Ifremer (2008).
https://image.ifremer.fr/data/00568/67992/);  (e) Gigantopelta aegislan
snails (Mollusca, Gastropoda) (Image from Lan et al., 2021); (f) Kiwa puravida
“yeti” crabs (Arthropoda, Crustacea) (Image from Azofeifa-Solano et al.,
2022).
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1.2.4 Bivalve families involved in chemosymbioses

Chemosymbiosis in bivalves is not restricted to a certain depth or cli-
mate, but rather a low oxygen level (Seilacher, 1990). The apparition
of chemosymbiosis might have been favored by the sealed of sediments
from above oxygenated water: by microbial mats during the Precam-
brian time and/or the colonization of shallow waters by angiosperms,
as ealgrasses, during the late Cretaceous that also offered a protection
against perturbations (Seilacher, 1990, 1999).

Chemosymbioses allow bivalve to live in various extreme reducing
habitats such as hydrothermal vents and cold seeps. In the deep sea,
some species rely only on their bacterial symbionts for food. Known liv-

ing chemosymbiotic bivalves belong to nine bivalve families (Fig. 1.10).

Venerida Veneroidea Vesicomyidae
Lucinoidea Lucinidae
Lucinida
Thyasiroidea Thyasiridae
Heteroconchia Euheterodonta Imparidentia
Myida Pholadoidea Teredinidae

Basterotiidae

\_ Lasaeidae

Pteriomorphia Mytilida Mytiloidea Mytilidae

Autobranchia
Galeommatida Galeommatoidea

Manzanelloidea Nucinellidae

Solemyida

Protobranchia

Solemyoidea Solemyidae

Figure 1.10: Classification of symbiotic bivalve families (according to World
Register of Marine Species WoRMS). Note: Solemyida super-family is placed in
the Opponobranchia clade in phylogenetic classifications presented in Chap-
ter 1 Fig. 1.4.

Basterotiidae (Cossmann, 1909) In the Basterotiidae family, a symbi-
otic species has been discovered in the Saxicavellinae subfamily for
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10 mm

Figure 1.11: Chemosymbiotic bivalves. (a) Bathymodiolus azoricus, a mytilid
of the Bathymodiolinae subfamily (Figure from IFREMER 2008). (b) Giant
vesicomyid Calyptogena magnifica (in white) (Figure from Tim Shank (WHOI),
noaa.gov). (c) Various Lucinid species (Figure 5.8 from Taylor and Glover,
2010). (d) Solemya velum of the Solemyidae family (Figure 1 from Roesel-
ers and Newton, 2012). (e) Various thyasirids (Figure 5.6 A-D from Taylor
2010). (f) The giant shipworms Kuphus polythalamia of the Teredinidae family,
burrowed in sediment (left) and removed from its calcaerous tube (right): m,
mouth; s, siphon; v, valve (shell) (Figure 1.A and 1.C modified from Distel et
al., 2017). (g) The only two confirmed symbiotic nucinellid species, Nucinella
owenensis at the top and Huxleyia habooba at the bottom (Figure 8.A-E from
Oliver and Taylor, 2012). (h) Syssitomya pourtalesiana of the Lasaeidae family
attached on an echinoid Pourtalesia miranda (photo A.J. Southward, Figure 7.E
from Oliver et al., 2013). (i) Atopomya dolobrata of the Basterotiidae family
(Figure 1.A from Oliver, 2013).
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the first time with the species Atopomya dolobrata in 2013 (Fig. 1.111)
(Oliver, 2013; Oliver et al., 2013).

Lasaeidae (]J. E. Gray, 1842) Symbiosis in Montacutinae sub-family of
Lasaeidae has been observed in Syssitomya pourtalesiana. This species
is commensal on the deep-sea echinoid Pourtalesia sp. (Fig. 1.11h).
S.pourtalesiana is suspected of mixtrophy as food particles were
found in the stomach of the bivalve (Oliver et al., 2013).

Lucinidae (J. Fleming, 1828) Lucinids are burrowing bivalves in sulfide-
rich sediments. They are the more diverse family of chemosym-
biotic bivalves with over 400 living species (Roeselers and New-
ton, 2012; Taylor and Glover, 2006) (e.g., Fig. 1.11c). All known
lucinids are symbiotic so far. They live in symbiosis with sulfur-
oxidizing bacteria in gill bacteriocytes (Roeselers and Newton, 2012;
Taylor and Glover, 2000, 2006). Their size is of the order of mil-
limeters up to 150 mm (Roeselers and Newton, 2012).

Mytilidae (Rafinesque, 1815) Mytilids are commonly named mussels.
Only mytilids of the Bathymodiolinae subfamily are symbiotics
(e.g., Fig. 1.11a). Bathymodiolins use both filter feeding and their
chemosynthetic symbionts as food sources. The symbionts are lo-
cated in gill bacteriocytes. Bathymodiolin symbionts are thiotrophs
and/or methanotrophs (Duperron et al., 2013; Roeselers and New-
ton, 2012). Bathymodiolin species live fixed to various type of hard
substrates via their byssus, except for the species Bathymodiolus
boomerang, which lives partially buried in the sediment (Duperron
et al., 2013).

Nucinellidae (H. E. Vokes, 1956) Knowledge of nucinellids is scarce.
Nucinellids were for a long time suspected of being symbiotic be-
cause of their reduced or absent gut (Taylor and Glover, 2010).
Bacteria were observed in bacteriocytes in the large ctenidia of
Nucinella owenensis and Huxleyia habooba species. Chemosynthe-
sis in the Nucinellidae family was then confirmed for the first time
(Fig. 1.11g) (Oliver and Taylor, 2012).
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Solemyidae (Gray, 1840) Solemyidae are infaunal. They make U- or Y-
shaped burrows in sediment (e.g., Fig. 1.11d). Solemyidae are able
to filter feed but mostly rely on their symbiont for food (Duper-
ron et al., 2013). Solemyidae family is composed of two genera:
the shallow water genus Solemya and the deep-sea genus Acharax
(Neulinger et al., 2006; Roeselers and Newton, 2012).

Teredinidae (Rafinesque, 1815) Teredinidae, also called shipworms, are
wood-borer. Shipworms, usually possess cellulolytic symbionts
that allow them to feed on wood. However it has been shown that
the giant shipworm Kuphus polythalamia, which may reach 155 cm
in length, possess thiotrophic bacteria instead of cellulolytic sym-
bionts as well as a reduction of its digestive system and a loss of
morphological features associated with wood digestion compared
to other teredinid species. Kuphus polythalamia is the only de-
scribed species of Teredinidae that do not only burrow in wood
but also in marine sediments (Fig. 1.11f) (Distel et al., 2017).

Thyasiridae (Dall, 1900 (1895)) Thyasirid clams are burrowers. Their
size is about more or less 1 cm (Fig. 1.11e). Within the family,
some species harbor symbiont whereas some do not. Symbiont
of thyasirids are mostly extracellular (Dufour, 2005; Duperron et
al., 2013). Thyasirids represent early stage of symbiosis evolution
(Guo et al., 2023).

Vesicomyidae (Dall & C. T. Simpson, 1901) Vesicomyidae has two sub-
families, the Pliocardiinae and Vesicomyinae. Pliocardiinae have
the particularities to have a reduced or absent gut and subfila-
mental tissue in gills whereas Vesicomyinae do not. Pliocardi-
inae, composed of 15 genera, are found living in reduced envi-
ronment with high density of thiotrophic bacteria in their hyper-
trophied gills (e.g., Fig. 1.11b). Pliocardiinae are medium to large
in size (up to 30 cm in length) whereas Vesicomyinae are smaller
(often < 1cm). Vesicomyinae sub-family is composed only of the
genus Vesicomya of which some species can be found living in non-
sulfide-rich habitat (Krylova et al., 2010).
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1.3 Ecosystems of chemo-symbiotic bivalves

1.3.1 Known chemosynthetic ecosystems

Chemosynthetic bivalves flourish in various chemosynthesis-based ecosys-

tems where sulfide production is a shared characteristic.

Hydrothermal vents In 1977, an expedition of geologists searching for
temperature anomalies at the Galapagos Ridge discovered the first
hydrothermal vents (Corliss et al., 1979). Hydrothermal fluids,
resulting from the meeting of seawater with magma and heated
rocks, are emitted from spread centers (oceanic ridges) (Fisher et
al., 2007). Hot emitted fluids are chemical-rich (sulfide and/or
methane) and their color depends on their chemical composition.
When those fluids reach seafloor, they are cooled down quickly
and dissolved compounds precipitate forming black and white chim-
neys (Fisher et al., 2007). Temperature of black smoker emitted
fluids are up to 400°C (Fouquet, 2011). White smoker fluids are
cooler than black smokers, with a temperature between 260°C and
300°C, and are situated further away from the ridge than black
smokers (Arndt, 2011).

Cold seeps In 1983, the first cold seep was discovered by chance dur-
ing exploration of the lower Florida escarpment in the Gulf of
Mexico, on a passive continental margin. The macrofauna is sim-
ilar to those of hydrothermal vents but not necessarily the same
species (Paull et al., 1984). Cold seeps are areas of the deep sea
and shallow water from which fluids (rich in methane and/or sul-
fide) usually at ambient water temperature escape through cracks
of the seabed (Suess, 2018). They are called cold as opposed to hy-
drothermal vents whose temperatures are much higher. Cold seeps
originate from the transformation of hydrocarbon reservoir into
methane, either by bacteria (biogenic) or by pressure and temper-
ature (thermogenic). In the sediment, a part of emitted methane is

used by a complex of archae/bacteria (methane oxidizing/sulfate
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(a)

Figure 1.12: Chemosynthetics ecosystems. (a) Siboglinid tubeworm
bushes at Regab pockmark (3200 m depth, Gulf of Guinea) depth (Ifre-
mer (2011) https://image.ifremer.fr/data/00558/67007/); (b) Black smock-
ers at Rainbow hydrothermal field (2300 m depth, Mid-Atlantic Ridge)
(Ifremer (2008) https://image.ifremer.fr/data/00568/67987/); (c) Zostera
marina seagrasses (Gulf of Morbihan, France) (Dugornay Olivier (2013)
https://image.ifremer.fr/data/00560/67187/).

reducing bacteria), releasing reduced sulfur compounds (Laming,
2014). Cold seeps occur along active and passive continental mar-
gin (Sibuet and Roy, 2003).

Organic fall Organic fall are punctual input of important organic mat-
ter to the sea-floor such as dead carcasses (e.g. whale carcases)
and sunken wood. Sulfide is produced during their decompo-
sition process. Organic falls might be "stepping stones" for bi-
valve species, in particular Mytilidae, to reach deep-sea cold seeps
and hydrothermal vents (Distel et al., 2000). The bivalve families
Mytilidae, Solemyidae, Thyasiridae, Vesicomyidae and Nucinelli-
dae may live on organic fall or around in close proximity in the

sediments.

Reduced sediments Reduced sediments bearing chemo-symbiotic bi-
valves are found in coral reefs (Sogin et al., 2020), mangroves (Lau-
rent et al., 2013), seagrass beds (Cavanaugh, 1983) and oxygen

minimum zones (Levin, 2003) .

Other The small symbiotic species Syssitomya pourtalesiana (Montacuti-
nae) is commensal to an abysssal echinoid species and lives at-

tached to its anal spines (Oliver et al., 2013).
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1.3.2 Focus on two chemosynthetic ecosystems

1.3.2.1 Cold seeps as an example of deep-water chemosynthetic ecosys-

tem

Cold seep fluids originate from tens of meters to tens of km below the
seafloor (Suess, 2014, 2018). Most of cold seeps occur at subduction zone
and organic-rich passive margin and others at active margins with plate
convergence and strike-slip faulting (Fig. 1.13) (Suess, 2014, 2018).

At passive margin (i.e., not active plate boundaries), expulsion of flu-
ids is caused by sediment loading, differential compaction, over-pressure
and facies (i.e., characteristics of a rock including its chemical, phys-
ical, and biological features) changes (Fig. 1.14a) (Suess, 2014, 2018).
Various geologic settings such as pockmarks, carbonate chimneys, brine
pool, asphalt seeps, and methane hydrate mounds are formed (Suess,
2014, 2018). Pockmarcks are seafloor depression, from ten meters to one
kilometer in diameter, caused by gaz expulsion (Boetius & Wenzhofer,
2013). The deposition of gaz hydrates on the seafloor creates hydrate
mounds (Boetius & Wenzhofer, 2013). Carbonate slabs are formed by
carbone precipitation (Boetius & Wenzhofer, 2013).

Where continental and oceanic plates converge, continental slope
which is less dense than oceanic plate overrides oceanic plate, forming
accretionary margins (formation of an accretionary prism) and erosive
margins. Oceanic plate sediments are dewatered, letting fluids pass. Ac-
cretionary margin are formed by the off-scrapping of sediments whereas
erosive margins by the bypassing of oceanic sediments (Figs. 1.14b and
c) (Sibuet & Olu, 1998; Suess, 2014, 2018). Geological formations such
as mud volcanoes/mounds and seamounts occur (Sibuet & Olu, 1998;
Suess, 2014, 2018). Mud volcanoes are from one to ten kilometers in di-
ameter and characterized by an elevation of the seafloor formed by gas,
pore fluids and mud eruptions (Boetius & Wenzhofer, 2013). Features
emerging from the seafloor higher than 100 m are seamounts (Staudigel
et al., 2010).

In cold seeps, chemosynthetic life is fueled by chemical compounds

from upward fluxes and rely mainly on anoxic oxidation of methane
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Figure 1.14: Cold seeps formation. (a) Passive margin; (b) Accretionary mar-
gin; (c) Erosive margin. BSR, bottom-simulating reflector. (Figures from Suess,
2018; Reproduced with permission from Springer Nature).
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Oxygen  Sulphate
Reaction 2a Nitrate  Sulphate Reaction 2b
HS +2 NO3 + H0 + H = SOu+ NH HS +20, =80, +H
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Reaction 3
CHs + 8 Fe(OH)3+15 H" = HCO; + 8 Fe**+ 21 H20 HCO;* [Ca*Mn* Fe'] = (Ca,Mn,Fe)COs « H*
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Figure 1.15: Cold seep anoxic oxidation of methane (AOM). Reactions: 1a, sul-
fate reduction by AOM-consortia; 1b, manganese dioxide reduction by AOM-
consortia; 1c, iron hydroxide reduction ; 2a, sulfide oxidation by microbial
mat; 2b, sulfide oxidation by symbionts of macroorganisms; 3, precitation of
calcium carbonate. Red-green circles, AOM-consortia; White slabs, buried gaz
hydrates; Bubbles, free gaz. (Figure from Suess, 2018; Reproduced with permis-
sion from Springer Nature).

(AOM) by Archaea (Suess, 2014, 2018). The AOM-consortia is composed
of dense aggregates of Archaea surrounded by sulfate-reducing bacte-
ria (Boetius et al., 2000). Using methane, the sulfate-AOM-consortia
reduces sulfate from seawater into free sulfide that is then available
for microbial mat and specialized symbiotic macrofauna to use. Bi-
carbonate ions are also released (Fig. 1.15) (Suess, 2018). In the pres-
ence of metal oxides (e.g., iron oxyhydroxide and manganese oxide),
metal-AOM-consortia can reduce the metal oxides using methane and
releases bicarbonates and metal ions such as ferric and manganese ions
(Fig. 1.15) (Suess, 2018). Bicarbonate, together with calcium and metal
ions, precipitate into mixed Ca-Mn-Fe-carbonate (Fig. 1.15) (Suess, 2018).

1.3.2.2 Seagrasses as an example of shallow-water chemosynthetic

ecosystem

Seagrasses are distributed worldwide, from the arctic circle to temper-
ate to tropical latitudes (Fig. 1.16) (Short et al., 2007). Seagrass mead-
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ows are hot spot of biodiversity, and bioengineers of local environments
(Maxwell et al., 2017; Unsworth et al., 2022). For example, they trap
sediments improving water clarity and light penetration, uptake ammo-
nium reducing sediments toxicity, oxygenate sediments reducing sulfate
concentration, provide a shelter to mesograzers and juveniles, and at-

tract megagrazers (Maxwell et al., 2017).

Figure 1.16: Worlwide distribution of seagrasses. Blue dots, seagrasses (data
from 2005 UNEP-WCMC). Numbers, geographic bioregions: 1 (green), Tem-
perate North Atlantic ; 2 (pink), Tropical Atlantic; 3 (purple), Mediterranean;
4 (brown), Temperate North Pacific; 5 (orange), Tropical Indo-Pacific; 6 (cyan),
Temperate Southern Oceans (Figure from Short et al., 2007).

Beneficial interactions between lucinid clams and seagrasses have
been extensively studied. As a result of its sulfur-oxidizing symbionts,
Lucinids facilitate seagrass growth and favors an increase of seagrass
biomass by mitigating sulfide stress (Fig. 1.17a) (Cardini et al., 2022;
Chin et al., 2021; Lamers et al., 2013). Lucinid clams are under consid-
eration for seagrass management, restoration and conservation (Cardini
et al., 2022; Donaher et al., 2021). High organic matter level caused
by an increase of seagrass mortality, break-down the fragile equilibrium
of this mutualistic relationships (Fig. 1.17b) (de Fouw et al., 2016; San-
marti et al., 2018).
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Figure 1.17: Mutualistic interactions between seagrasses, lucinid bivalves and
lucinid sulfide-oxidizing symbionts. (a) Sulfide-driven coevolution: positive
and negative feed-backs between the three parties (Figure from Lamers et al.,
2013) (b) lucinid facilitation (Figure from Sanmarti et al., 2018).
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Figure 1.18: Model of an organism as a thermodynamic system (Figure from
Kearney et al., 2021). Relationships between parameters, state variables of the
individual (i-state), environmental variables (e-state) and traits in a dynamical
systems model of organismal performance.

1.4 Modeling bivalve symbiotic relationships

1.4.1 Ecological metabolic theories

A definition of a metabolic theory is a “Theory governing the applica-
tion of thermodynamic system principles to quantify the uptake and use
of substrates by organisms for development, growth and reproduction,
and the rate of ageing” (Kearney et al., 2021) (Fig. 1.18). Models based
on metabolic theories were developed such as MTE (metabolic theory
of ecology), EST (ecological system theory) and DEB (dynamic energy
budget) (Allen & Gillooly, 2009; Kooijman, 2010; van der Meer, 2019).
This thesis focus on the DEB theory. Comparing existing models based
on metabolic theory is outside the scope of this study and will not be
developed further.
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1.4.2 Thedynamicenergy budget theory: standard model

The metabolism is all the biochemical reactions catalyzed by enzymes in
a living organism to reproduce, developed and react to environmental
stimuli. Biochemical reactions are governed by thermodynamic laws
and organized themselves in metabolic pathways. Anabolism includes
pathways of cellular component biosynthesis and catabolism inlcudes
pathways that degrade them.

DEB theory is based on the following assumptions:

* Pool homeostasis (strong homeostasis): for all organisms, pools
or state variables with mass have a constant aggregated chemical

composition and thermodynamic properties;

* Constant food homeostasis (weak homeostasis): organisms at con-

stant food level tend to a constant chemical composition;

* Food independence: the mobilization of reserve is independent of

food availability.

In a standard DEB model (Kooijman, 2010) life cycle begins with the
fertilization of the egg and ends with the death of the organism. In this
model, life cycle of the organism is divided in three stages according to
the level of maturity (Eg) of the organism : the embryo, the juvenile and
the adult (Figure 1.19).

embryo juvenile adult

fertilisation birth puberty death

Figure 1.19: Standard DEB model life stages (Kooijman, 2010).

During the embryo stage starting from fertilization to birth, the organ-
ism does not feed. The organism starts feeding when birth (maturity E Ib{)
occurs. It then becomes a juvenile. At puberty (maturity EY}), it begins
to allocate energy to its reproduction buffer. The standard DEB model
is defined by four state variables, the reserve (E), structure (V), matu-

rity (Ej) and the reproduction buffer (offspring) (Er) of the organism
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(Fig. 1.20). From the mobilized energy of reserve (E) a kappa («x) frac-
tion is allocated to growth (k) and somatic maintenance (ps), and a 1-x
fraction to maturity maintenance (p;) and maturation (before puberty)
(Ep) or reproduction (after puberty) (Eg). That is called the "Kappa
rule". The « fraction of mobilized reserve that is allocated to growth
and somatic maintenance is a constant which does not depend on the
amount of reserve and structure. Somatic maintenance is the use of re-
serve for maintaining concentration gradients across membranes, heat-
ing in endotherms, osmotic work in fresh-water organisms, movement
costs and energy dissipated into minerals needed for the turnover of
the structure (e.g., the repair of proteins). Somatic maintenance is only
proportional to structure (V) and the volume-specific somatic mainte-
nance cost ([py]). Endotherms and fresh water organisms have also
a component of somatic maintenance that is proportional to surface
area, the surface-specific somatic maintenance cost ({p7}). A compo-
nent of the maturity maintenance is the energy from the reserve dissi-
pated into minerals used for the maintenance of regulation systems and
defence work done by the immune system. Maturity maintenance is
proportional to the maturity level (Ej). Another rules, the priority rule,
states that priority is always given to the maintenance branches (somatic
and maturity maintenances). A lack of energy to somatic maintenance

would lead to the death of the organism.

; defecation
feeding
food » faeces
Wass/mi/at/on
reserve
;omat/c ’ maturity
maintenance 1K maintenance
maturation
growth reproduction
maturity
structure :
offspring

Figure 1.20: Standard DEB model modeling scheme (Marques et al., 2018).
Boxes: state variables; Arrows: energy fluxes.
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In the standard DEB model, the organism is considered as an iso-
morph, which means it grows proportionally in all three dimensions
and maintains its shape as it grows. Its surface area is proportional to
its volume raised to two third (S oc V?3). State variables (Table 1.1) and
energy fluxes (Table 1.2) defining the model are expressed using pri-
mary parameters (Table 1.3).

Notation Name (Unit) Dynamic
E reserve (J) %_f =pas-pc
\% structure (cm?) dv _ Pc_
dt [Eg]
Ey maturity (J) dstH =prif Eg < EZ
dstH = 0 otherwise
Eg reproduction buffer (J) % = 0if Eyy < EY;

% = KgrpPr otherwise

Table 1.1: Standard dynamic energy budget model dynamic state variables.

The temperature (T) and the functional response (f) are the two forc-
ing variables of a DEB model. f is an indicator of food availability. Its
values are comprised between 0 (starvation) and 1 (fed ad libitum). f
always increases to its maximum when the amount of available food
increases. The functional response is defined as the Michaelis-Menten

function (Eq. 1.2).

A<

X

f=Xs= (1.2)

1+x

—
+
=<

Equation 1.2: Functional response (f). X, food density; K, half saturation coef-

ficient; x, scaled food density.

Temperature correction is applied to rates with a reference tempera-
ture T,,r = 293.15K (Eq. 1.3).
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Notation Name Formula
Px ingestion {Bxm) fV?3, when Ey>EY
Pa assimilation {pAm}fV2/3
. oy . v[E ]V2/3+-
Pc mobilization EKEGTG]VPS
Ps somatic maintenance [Pm]V +{pT) V23
e growth Kpc = Ps
Py maturity maintenance cost kj Ey
PR maturation and reproduction (1-x)dotpc - p;

Table 1.2: Fluxes (Jd~!) between states variables of the standard Dynamic En-

ergy Budget model.
Notation Name (Unit)
{Pam} maximum assimilation flux (Jd~Tcm™?)
{Fm} maximum surface area specific searching rate (cmd~! m~2)
Kx digestion efficiency of food to reserve (-)
Kp faecation efficiency of food to faeces (-)
v energy conductance (cmd™!)
K allocation fraction to soma (-)
KR reproduction efficiency (-)
(Pum] volume-specific somatic maintenance cost (Jd~! cm?)
{pr} surface-specific somatic maintenance cost (Jd~! cm?)
kj maturity maintenance rate coefficient (d~!)
[EG] specific cost for structure (Jcm™>)
EIZZI maturity at birth (J)
EZ maturity at puberty (J)
h, Weibull aging acceleration (d=2)
e Gonbertz stress coefficient (-)
Table 1.3: Primary parameters of a standard Dynamic Energy model.
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T (1.3)

. . T T
k(T):klexp( A A)
Equation 1.3: Temperature correction. fc, rate of interest at T kl, rate of inter-

est at T,,r; Ty, species-specific Arrhenius temperature (K); T, temperature (K)

The variation of the reserve E (Table 1.1) is the balance between the
assimilation flux (p4) and the mobilization flux p (Table 1.2 for fluxes).
The variation of the structure V (Table 1.1) depends on the energy allo-
cated to growth pg (J) (Table 1.2) and the volume-specific costs of struc-
ture [Eg] (Jem™3). [Eg] is the reserve energy that is required to syn-
thesize a unit volume of structure. When maturity level Ey is below
puberty level E?,, energy is used to increase maturity via pg flux (in J).
When the organism reaches puberty level EIP{, no more energy is allo-
cated to maturation and energy is allocated to reproduction. The varia-
tion of the reproduction buffer depends on the energy flux allocated to
it pr (J) and the coefficient of reproduction efficiency xg. What accumu-
lates in the reproduction buffer is the fraction of energy fixed in eggs.
The ingested flux py (Table 1.2) depends on: the area responsible for the
ingestion V%3 (in cm?), the functional response f and the surface-area
specific maximum ingestion rate {px,,} meaning the maximum ingestion
rate possible. A fraction of the ingested food is assimilated as reserve.
Assimilation rate p, (Table 1.2) equals the surface-area specific maxi-
mum assimilation rate {p4,,} times the functional response f times the
structural area V%3 (in cm?). Assimilation flux p, is also proportional
to the feeding flux: pp=xxpx. kx is the assimilation efficiency of food,
independent of the feeding rate. ky can depend on the type of food be-
ing assimilated. Different types of food can have different assimilation

efficiency.

The Add-my-Pet (AmP) procedure (DEB-tool package, Matlab) (Mar-
ques et al., 2018) (Fig. 1.21) is used to estimate primary parameters (Ta-
ble 1.3) from zero-variate and uni-variates data at given temperature
and food level. Four matlab files constitute the architecture of the AmP

procedure: the "mydata" file, the "predict" file, the "pars_init" file and
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the "run" file. Firstly, the user input data on its species (also called pet)
into the "mydata" file. An initial set of parameters are in the "pars_init"
file. They can be free or fixed. Free parameters will be estimated again
during the estimation procedure. Predictions are made from data and
parameters with "predict” file using DEB model equations. The estima-
tion procedure is launched by running the "run" file. The "run" file runs
the three other files and re-estimate DEB model parameters using a loss-
function to compare data and predictions, and a minimization method.
The "run" file can be run many times until the loss function reach its

minimum.

Primary parameters (Table 1.3) link state variables and compound

parameters (Lika et al., 2011). z is the zoom factor, defined as z = Lm/Lfo
where L, = % is the maximal structural length and L:,flecm is a

reference of structural length. The specific searching rate {Pm} controls
food intake if food is not abundant and has no effect at abundant food.
In [Fm} formulation, the cubed meters in the specific searching rate re-
fer to the environment. Digestion efficiency of food to reserve «xy is the
fraction of ingested flux going to reserve and the faecation efficiency of
food to faeces «xp is the fraction of ingested flux going to faeces. An ef-
ficiency coefficient close to 1 means a high efficiency and if close to 0
a low efficiency. Energy conductance v controls the reserve mobiliza-
tion. A high v gives a high growth rate, short development time to reach
birth or maturity, a low maximum reserve density, a rapid occurrence of
problems during starvation. The fraction « is the fraction of mobilized
reserve allocated to somatic maintenance and growth, and the repro-
duction efficiency xy is the fraction of mobilized reserve going to the
reproduction buffer. Volume-specific somatic maintenance [py] is the
component of somatic maintenance (ps, see Table 1.2) that is only pro-
portional to structure (fraction of biomass that is costly in maintenance
needs). Surface-specific somatic maintenance cost {pr} is a component
of somatic maintenance which is specific to endotherms and fresh water
organisms for osmoregulation and heating. Specific cost for structure
[Eg] is the reserve energy that is needed to synthesize a unit volume of

structure. Weibull ageing acceleration /i, and Gompertz stress coeffi-
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cient s refers to well-known models of ageing.

run my pet.m
i o s checking userfiles - — — — — — — — — — ~
estimation options

pars_init my pet.m
maodel

free parameters
fixed parameters

predict my pet.m
model equations

results my pet.mat ‘ figure ##.png

parameter estimates
goodness of fit | Fepozt my_pet.htul

implied properties

Figure 1.21: Architecture of the AmP procedure (Marques et al., 2018).

The standard macro-chemical equation for assimilation is defined in
Eq.1.4.

X+0y > E+COy+ P +Nyaste tH20 (1.4)

Equation 1.4: Standard macro-chemical equation for assimilation (1). X, food;
E: reserve; P, faeces; Ny s, Nitrogenous waste. The composition depends on

the species (e.g. NH/ for N, in aquatic environment).
p g 4 waste q

The standard macro-chemical equation can also be written with ex-

plicit composition of food, reserve and faeces as in Eq. 1.5.

CH,gx0,0xNunx + YopO2 = CH,gpO,0ENuNE
+YcpCO, + CH,ppOyopNynp + YNENyaste + YupH20  (1.5)

Equation 1.5: Standard macro-chemical equation for assimilation (2). E, re-
serve; P: faeces, Y, yield in mol/C-mol, n: chemical indices. By definition,
nc is equal to 1. For a standard pet the reserve composition is CH; §Og 5Ny 15
(Kooijman, 2010).
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1.4.3 Examples of ecological applications of DEB theory

Models developed following the DEB theory have various ecological ap-
plications (Lavaud et al., 2021a).

1.4.3.1 Inter-species and intra-species variations of functional traits

A functional trait is defined as "a property of a biological thermody-
namic system (usually an individual) that functions in the quantifica-
tion of the performance of that system in terms of survival, develop-
ment, growth and reproduction." (Kearney et al., 2021). Examples of
functional traits are lifespan, reproductive output, maximum body size,
growth rate. Functional traits are inferred from estimated DEB pa-
rameters. Individual DEB model can be used to compare functional
traits of individuals of the same species (i.e., intra-species genotypic
and phenotypic variations) and individuals from different species (i.e.,
inter-species variations) (Augustine & Kooijman, 2019). As an example
of inter-species comparison, two loggerhead population of turtles were
studied; the Mediterranean population showed a higher maintenance
and lower energy allocation to maturation compared to the population
from the North Atlantic (Marn et al., 2019).

1.4.3.2 Fluctuations of environmental variables

As forcing variables of DEB modeling are the temperature and the food,
the model has been used to predict physiological responses of organisms
to change in temperature and food-availability (Monaco & McQuaid,
2018). Dynamic energy budget theory focuses on the individual level
(Kooijman, 2010). DEB has been coupled with Individual-Based Model
(IBM), which is called DEB-IBM, to study population dynamics in func-
tion of environmental variables (Martin et al., 2012). DEB modeling
has been used to improve aquaculture, to select the best locations and to
study the impact of climate change on organisms’ life-history traits such
as growth, reproduction, and mortality (Lavaud et al., 2021b; Mangano
et al., 2019). DEB-IBM was for example used to assess population dy-

namic of cultivated oyster populations in the Thau Lagoon (Mediter-
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ranean, France) (Bacher & Gangnery, 2006). DEB models can be cus-
tomized with additional variables, as it was done with salinity (Lavaud
et al., 2021b).

1.4.3.3 Ecological niche modeling

A DEB model for ectotherm, NicheMapR, includes modeling of heat,
water, energy and mass exchange between an ectothermic organism and
its environment, and thermoregulatory behaviour (Kearney & Porter,
2020). NicheMapR was notably used to model a lizard growth and re-
production trajectory in function of simulated microclimatic conditions
(Kearney & Porter, 2020).

1.4.3.4 Ecological risk assessment

Toxico-kinetics were coupled to individual DEB model, giving birth to
the DEBtox and DEBKiss models (Baas et al., 2018). DEBtox (or DEB-
TKTD) models include toxicokinetics and toxicodynamics parameters,
such as the NEC (No Effect Concentration, time-independent thresh-
old concentration below which no effects occurs), k, (elimination rate
of toxicant), k, (killing rate for survival) and C; (tolerance concentra-
tion for sub-lethal effects (molL~!)) which may affect the organism life
traits (e.g., increasing maintenance costs and/or costs of growth and/or
costs of reproduction, and/or decreasing the assimilation of food into
reserve...) (Fig. 1.22) (Baas et al., 2018). DEBKiss (Jager et al., 2013)
model is a simplification of the DEB theory which excludes the reserve
dynamics and may also exclude maturity of the organism if not needed,
resulting in less state variables (Baas et al., 2018; Jager et al., 2013). DE-
BKiss eases the study of complex toxicological effect such as the effect
of mixtures (Baas et al., 2018; Jager, 2020; Jager et al., 2013). DEBtox
is notably considered by the European Food Safety Authority for envi-
ronmental risk assessment (ERA) of pesticides in Europe (Jager, 2020;
Martin et al., 2024). As an example of ERA using DEB, the reproduc-
tive effects of a fungicide on a bird (Colinus virginianus) was modeled

(Martin et al., 2024). Fungicide exposure in the eggs observed effects
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Figure 1.22: Dynamic Energy Budget and ecological risk assessment (Figure
from Baas et al., 2018).

at hatching and post-hatching such as observed weight reductions were
well predicted by the DEBtox model (Martin et al., 2024).

1.5 Objectives of the thesis

This thesis is a part of the BEVEGA project, initially the “Biology and
ecology of deep-sea vesicomyid bivalves from the Guaymas Basin (Mex-
ico, Pacific Ocean): engineer species of deep chemosynthetic ecosys-
tems” (80 PRIME CNRS, PI Sylvie Gaudron, UMR8187 LOG). The project
initially aimed at analyzing the ecology, the life traits, and the phys-
iology of symbiotic vesicomyid species from the Guaymas Basin and
the physico-chemical characterization of their habitats. As the oceano-
graphic mission in the Guaymas Basin did not happen because of the
COVID-19 crisis, the thesis focused on a deep-sea vesicomyid species
from cold seeps of the Gulf of Guinea (eastern tropical Atlantic Ocean),
for which lot of data were available, and on a symbiotic lucinid species
from seagrasses in Roscoff, France (English channel) that can be eas-
ily sampled at low tide. Both deep-sea and shallow-water symbiotic
species are endemic species and ecosystems engineer within their re-

spective habitats. In the deep sea, the increasing anthropogenic pres-
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sure such as the rapid expansion of mineral, oil and gas extraction is
worrying (Cordes et al., 2016). Shallow-water chemosynthetic habitat
such as seagrasses are under great anthropological pressure impacting
the water quality, creating physical disturbance, and degrading the food
webs (Unsworth et al., 2019). In addition, shallow-water chemosyn-
thetic ecosystems are also subject to climate change (Chefaoui et al.,
2018; Ward et al., 2016). The aim of the thesis was to develop dynamic
energy budgets on these unique symbiotic species to later evaluate the
impact of temperature and food availability changes on their life traits.

The Chapter 2 of this thesis focuses on the development of a dynamic
energy budget model for the obligate deep-sea symbiotrophic bivalve
species, Christineconcha regab, at the adult stage. The novel dynamic en-
ergetic model developed in this thesis incorporates the sulfur-oxidizing
symbionts into the DEB model. There were no such DEB model devel-
oped yet. Results obtained are deciphered to understand both host and
symbionts functional traits and dynamic relationship.

Then, the Chapter 3 of this thesis is about the conceptual ideas for
the development of a DEB model for the shallow water lucinid species
Loripes orbiculatus and its sulfur-oxidizing symbionts. Experimental data
are collected to feed the model. The aim is to adapt the model developed
in Chapter 2 (called abj-farming model) to a shallow water mixotrophic
species, Loripes orbiculatus, which use both filter feeding of particulate
organic mater and symbionts as food sources.

The last chapter discusses the Chapters 2 and 3 scientific contribu-
tions and perspectives, and the interest and relevance of the use of such

models.
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Abstract

Symbiotic nutrition is widespread in macro-invertebrates in deep-sea
chemosynthetic ecosystems. A novel Dynamic Energy Budget (DEB)
model was developed for a symbiotic deep-sea bivalve species (Christinecon-
cha regab, Mollusca, Bivalvia, Vesicomyidae). The digestion of sulfur-
oxidizing bacterial symbionts for host nutrition, called “farming”, was
included within the bionergetic model, named here after “abj-farming
model”. The model was parameterized with available data on the biol-
ogy, physiology and ecology of the host clam and of its symbionts and
original unpublished data (symbiont sulfide consumption and volume
of the bacterial symbionts within the gill). Unexpected results were ob-
tained with the abj-farming model regarding the dynamics of the host
and its symbionts: The host appears to forgo a maximal ingestion for
a lower and stable one as a kind of homeostasis. Also the total oxygen
consumption of the symbionts was predicted to be higher than that of
its host. The abj-farming DEB model was compared with a classical typ-
ified abj-DEB model, which did not have explicit data and parameters
related to the symbionts. Both models’ predictions fit the data well;
however, only the abj-farming model provided new insights into the
C. regab host-symbiont relationship and the symbiont dynamics. Addi-
tionally, the abj-model predicted a faster growth rate for the host, 4-fold
faster than the abj-farming model that provided a growth rate closer to
what is expected for such species. The abj-farming DEB model could be
applied to other symbiotrophic species (bivalves, gastropods and poly-
chaetes) and be used as a basis to model more complex host-symbiont

relationships.

2.1 Introduction

Deep-sea chemosynthesis-based ecosystems (> 200 m depth) derive their
energy from chemical compounds than from sunlight. Examples are hy-
drothermal vents, cold seeps, and organic falls in which dense commu-

nities of specialized symbiotic animals such as clams, tubeworms and
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mussels occur. These species are nutritionally dependent on symbiotic
relationships with chemosynthetic bacteria that use available reduced
chemical compounds, such as hydrogen sulfide or/and methane, as en-
ergy sources to fix inorganic carbon and synthesize organic molecules
(Dubilier et al., 2008; Sibuet & Olu, 1998; Sogin et al., 2021; Sogin et al.,
2020).

Vesicomyidae (Mollusca, Bivalvia) are typical bivalves inhabiting var-
ious reduced habitats from the continental shelf to hadal depths world-
wide (Johnson et al., 2017; Krylova & Sahling, 2010). The Pliorcardiinae
subfamily (Mollusca, Bivalvia, Vesicomyidae) includes symbiotic species
(Johnson et al., 2017; Krylova & Sahling, 2010). These clams have sev-
eral unique features to thrive in extreme and nutrient-poor environ-
ments, in particular their enlarged gills (compared to other bivalves
of a similar size) hosting high density of sulfur-oxidizing autotrophic
bacteria (Decker, 2011; Decker et al., 2013; Krylova & Sahling, 2010)
and providing an important surface area for extracting oxygen and ex-
changing compounds with surrounding waters. These symbiotic bac-
teria are located in specialized gill epithelial cells called bacteriocytes.
An additional distinctive characteristic of the Pliocardiinae is a reduced
gut (Krylova & Sahling, 2010). In most symbiotic vesicomyid species,
a single bacterial strain belonging to the Gammaproteobacteria class is
highly dominant and is host species specific. Symbionts have reduced
genomes compared to free-living relatives (Cruaud et al., 2019; Decker
et al., 2013; Ip et al., 2020; Newton et al., 2008; Perez et al., 2022; Stew-
art & Cavanaugh, 2009). Bacterial symbionts were also observed in vesi-
comyid eggs (Ikuta et al., 2016; Newton et al., 2008; Szafranski et al.,
2014) and around primary oocytes (Cary & Giovannoni, 1993) suggest-
ing vertical, mother-to-off-spring transmission. Nonetheless, some lat-
eral transmission of symbionts from nearby hosts may occur (Decker et
al., 2013; Newton et al., 2008; Ozawa et al., 2017; Stewart et al., 2008).
The previous elements indicate a coevolution between symbiotic vesi-
comyid and their major symbionts (Cruaud et al., 2019; Ip et al., 2020;
Peek et al., 1998).

The species Christineconcha regab (Mollusca, Bivalvia, Vesicomyidae,
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Pliocardiinae) was discovered at the Regab pockmark, a cold seep sit-
uated in the Gulf of Guinea (southeast Atlantic) (Ondréas et al., 2005;
von Cosel & Olu, 2009). Since 1964, the Gulf of Guinea has been ex-
tensively explored by oil and gas companies, and deep-sea scientists
(Bayer et al., 1966; Bridges et al., 2023; Savoye et al., 2009; Savoye
et al., 2000). Two oceanographic campaigns, ZaiAngo (Savoye et al.,
1998) and Biozaire (Vangriesheim, 2001), were carried out jointly by
french institute Ifremer and the former Elf petroleum compagny. The
ZaiAngo campaign (1998-2000) consisted in a geological exploration of
a large area of the Gabon-Congo-Angola margin, near the Congo (for-
merly Zaire) deep-sea fan. The aim was to map the Congo deep-sea
fan and study the deep margin structure, the slope stability and the re-
lated gas hydrates (Ondréas et al., 2005). Between 2001 and 2003, the
Biozaire campaigns focused on the understanding of deep-sea ecosys-
tems on the continental margin and near the Congo channel (Ondréas
et al.,, 2005). Three oceanographic campaigns were led solely by Ifre-
mer: Guineco (Boetius, 2008), WACS (West Africa Cold Seeps) (Olu,
2011) and Congolobe (Rabouille, 2011). The Gabon-Congo-Angola mar-
gin was formed during the break-up of South America and Africa about
140 Ma ago during the early Cretaceous, which was associated with
the opening of the South Atlantic Ocean (Ondréas et al., 2005). Dur-
ing Aptian-Eocene period, long and continuous post-rift thermal subsi-
dence occured with sedimentation as aggradation of siliceous and clas-
tic deposits, followed by another sedimentary episode as silty-sand tur-
biditic sediment progradation from Miocene period to now (Ondréas
et al., 2005). The turbidite system of the Congo River develops in an
east-west direction, perpendicular to the Congo-Angola margin (Savoye
et al., 2000). The Congo deep-sea fan consists in a huge detrital sedi-
mentary system with stacked buried channel-levee systems, the end of
this system being called terminal Lobes (Rabouille et al., 2019). Pock-
marks which may have been formed from the explosive release of over-
pressurized interstitial fluids and where fluids escape have been spotted
(Ondréas et al., 2005). The giant pockmark Regab (800 m width, 15-20
m depth) was the first observed in 1998 during the ZaiAngo cruise 1
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(Ondréas et al., 2005). At Regab pockmark, methane was the major
chemical component of the emitted fluids (fluid composition with Ra-
man spectroscopy: methane 99.1%, carbone dioxide 0.83%, methane
0.043%, propane, butane, pentane and hydrogen sulfide 0.02%). At 1-2
m above seafloor, highest methane concentration measured was at the
center of the pockmark (129 pL/L) and the lowest at the periphery (<
1 uL/L) (Charlou et al., 2004). 6'3C signature of fluids showed that
methane originated from microbial activity (Charlou et al., 2004). In the
Gulf of Guinea, C. regab was observed at -2820 m depth near cold seeps
(von Cosel & Olu, 2009) to -5070 m depth at the Lobes of the Congo fan
(Khripounoff et al., 2017). C. regab was also encountered on the Bon-
jardim mud volcano in the Gulf of Cadiz (-3060 m depth) (Olive et al.,
2011; Rodrigues et al., 2013) and in reduced sediments in the Bay of
Biscay in the Gulf of Gascony in the Northeast Atlantic (-4125 m depth)
(Krylova et al., 2010).

C. regab was observed living in aggregates, about two-third of its
shell buried in sediments (Decker, 2011). Its foot was highly vascu-
larized and was thought to be used to move and dig into the sediment
for sulfide to sustain their sulfur-oxidizing symbionts (Taxonomy ID:
NCBI:txid1365817) and overall contribute to bioturbation (Decker, 2011).
Bioturbation favors oxygen and sulfate supply in surface sediments en-
hancing sulfate reduction and anaerobic oxidation of methane (AOM)
(Bertics et al., 2007; Boetius et al., 2000; Boetius & Wenzhofer, 2013;
Menot et al., 2010; Pruski et al., 2017). Symbionts may acquired car-
bon dioxide, nitrate and dioxygen at the clam gill/seawater interface
(Fig. 2.1a) (Childress & Girguis, 2011). Approximately two-thirds of
C. regab gill volume was filled with these bacteria (Decker, 2011).

C. regab mantle and gills showed depleted carbon isotopic signatures
(613C approximately -38.9 and -38.2 %o for mantle and gills, respec-
tively), which were congruent with clam symbiotic nutrition (Pruski et
al., 2017). The “farming” feeding strategy, (i.e., the host provides its
symbionts with carbon, reduced compounds, and oxygen and then di-
gests them to get organic matter) seems to exist in most of chemosym-

bioses (Sogin et al., 2020). Symbiotic vesicomyids are very likely using
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this farming strategy, as it was suggested by the observation of lyso-
somes in vesicomyid bacteriocytes by transmission electron microscopy
and further supported by a high expression of lysozyme genes in vesi-
comyid species gills (Fiala-Medioni & Le Pennec, 1987; Lan et al., 2019).
Degradation stages of symbionts were also observed in vesicomyid bac-
teriocytes (Newton et al., 2007). Vesicomyids may use an additional
feeding strategy called “milking” (i.e., transfer of carbon from the sym-
bionts to the host via organic molecules and/or via the symbiont produc-
tion of outer membrane vesicles) (Sogin et al., 2021). High transcription
of substrate-specific transporters by symbionts and expanded transport
genes in vesicomyid species indicated that milking may occur (Ip et al.,
2020; Newton et al., 2007).

Energy transfer between the host clam and its sulfur-oxidizing sym-
bionts is not straightforward and is hardly measurable. Using the dy-
namic energy budget (DEB) theory (Kooijman, 2010), the aim was to
understand the dynamics between the host vesicomyid clam C. regab
and its obligate sulfur-oxidizing symbionts given the preliminary hy-
pothesis that the host feeds using only “farming”. The DEB theory is a
bioenergetic individual-based framework encompassing the whole life
cycle of an organism. Processes, such as ingestion, assimilation, growth,
reproduction and respiration, are quantified in terms of energy fluxes
forced by environmental parameters (e.g., food level and temperature).
Sulfur-oxidizing symbionts have been explicitly incorporated within the
developed farming DEB model for C. regab. Currently, there are only a
few DEB models on symbiotic relationships from shallow marine habi-
tats that explicitly incorporate symbionts, such as coral-Symbiodinium
(Muller et al., 2009) and anemone-Symbiodinium (Kaare-Rasmussen et
al., 2023) symbioses. Additionally, only one DEB model was developed
for deep-sea benthic invertebrates, namely, the obligate wood-feeder bi-
valve Xylonora atlantica (Gaudron et al., 2021). The objectives were as

follows:

1. To develop a DEB model for C. regab based on existing DEB mod-
els;
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2. To develop a novel DEB model for C. regab with the “farming”
hypothesis, including sulfur-oxidizing symbionts within the pre-

viously developed model;

3. To compare predicted functional responses (i.e., food levels) for
C. regab and its sulfur-oxidizing symbionts at sampling sites with
both models;

4. To compare C. regab life traits and energy allocation obtained with
the two models for different sizes of host and food levels at a typi-

cal cold-seep temperature;

5. To observe symbiont energy allocation for different sizes of hosts

and food levels at a typical cold-seep temperature;

6. To compare the chemical fluxes of carbon, oxygen and nitrogen
within the vesicomyid clam and its sulfur-oxidizing symbionts for
different host sizes and food levels at a typical cold-seep tempera-

ture.

2.2 Methods

2.2.1 Model description

2.2.1.1 The abj model

DEB theory has been widely applied to bivalve species (> 140 species).
The abj-DEB model (abj: metabolic acceleration (a) between “birth” (b)
and “metamorphosis” (j)) is the most applied to bivalves (“Add-My-
Pet Species List”, 2024). For bivalves, metamorphosis corresponds to a
metabolic switch resulting in the transition from planktonic to benthic
life with morphological changes (loss of the velum of the umbo-veliger
larva and development of the foot of the pediveliger larva) (Fig. 2.2). The
abj model has four life stages: embryo, juvenile I, juvenile II and adult.
The transitions from each life stage to the next one (birth EIZ, metamor-

phosis E{{ and puberty Eg) occurs when a specific level of maturity Ey
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is reached through the investment of energy into it (Fig. 2.2). During
the embryo stage, the organism does not feed and relies on its egg re-
serves. After birth E?I, as a juvenile, the organism can feed on external
food sources but cannot reproduce yet. When puberty EIZ is reached,
the organism no longer needs to allocate energy to increase its maturity
and instead starts allocating energy to a reproduction buffer (Fig. 2.2)
(Kooijman, 2010; Marques et al., 2018).

During the juvenile I phase, a metabolic acceleration occurs to reach
metamorphosis. This acceleration is modeled by the increase of food
assimilation into reserve p4 and energy reserve mobilization pc. Two
parameters, the maximum assimilation flux {p,,} and the energy con-
ductance v, increase in tandem to model these effects (Fig. 2.1, Tables 2.2
and 2.3). The surface area responsible for assimilation is proportional
to its structural volume V. The organism changes its shape as it grows
(V1-morphy) and the growth is exponential for juvenile I. In all other
life stages, the growth follows Von Bertalanffy curve and the organism
grows proportionally in all three dimensions, maintaining its shape as
it grows (isomorphy), with the surface area responsible for assimilation
proportional to its structural area V%3,

The abj model includes four state variables (i.e., variables describ-
ing the current state of the organism): the reserve E (]), the structure
V (cm3), the maturity level Ey (J) and the reproduction buffer Ex (J)
(Fig. 2.1a, Table 2.2). The structure is an abstract DEB notion, linked
to the physically measurable length L (cm) of the organism by a shape
factor o () for adult, 0,4, for larva, Table 2.6), such as Vi=Ls.

The C. regab abj model has eighteen parameters (Table 2.6).

2.2.1.2 The abj-farming model

The novel abj-farming model was built from the C. regab abj-DEB model
by adding eleven parameters related to the symbionts (Table 2.1). This
model was based on the “farming” feeding strategy of the host and was
named abj-farming to distinguish from the abj-DEB model. The model
was built by integrating the sulfur-oxidizing bacteria into the abj model

of the bivalve host (Fig. 2.1). Symbionts macrochemical equations for
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assimilation, dissipation and growth transformations were written for
one C-mol of symbiont reserve, using a standard reserve composition
CH;.30¢.5Ny.15 (Kooijman, 2010) (Eq. 2.5a, b and ¢ for assimilation, dis-
sipation and growth, respectively). As bacteria divide, they do not need
to invest energy into a reproduction buffer as the bivalve host does.
Therefore, the bacterial symbionts were modeled by a single juvenile
stage (Fig. 2.2). No investment in maturation was needed for bacteria
either. Consequently, two state variables were added for the symbionts:
reserve E; and structure V; (Table 2.1). The symbiont population is mod-
eled with the same dynamics as a single bacterium. Unicellular organ-
isms that divide into two daughter cells are well modeled as V1-morphs
(changing its shape as it grows) (Kooijman, 2010). Symbiont population
has an ingestion rate proportional to its structure (V) (pxs, Table 2.1)
(Kooijman, 2010). Symbiont fluxes describing ingestion, assimilation,
mobilization, maintenance and growth were added (Fig. 2.1, Table 2.1).
The bivalve host was modeled as in the abj-DEB model except for its in-
gestion flux pyy (Fig. 2.1): In the abj-farming model, the ingestion flux
came from the symbiont reserve and structure to model the host diges-
tion of its symbionts whereas in the abj model, the host ingestion flux

came from the environment (Fig. 2.1, Table 2.1).

2.2.1.3 Biological data for model parameterization

Several cruises were undertaken to explore the Congo submarine chan-
nel and cold seep ecosystems in the Gulf of Guinea (South-East Atlantic,
Fig. 2.8), . Samples and experimental data acquired during these differ-
ent cruises provided the data used to parameterize the models. Spec-
imens came from two major areas: the end of the Congo submarine
channel named the Lobe complex (Lobes A, B and C), and the Regab
pockmark (center and southwest) (Fig. 2.8, Khripounoff et al., 2017).
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2.2.2 Forcing variables for parameter estimation: Func-

tional response and temperature

2.2.2.1 Functional response

abj The functional response (f) is the Michaelis—Menten function, where
X is the food density, K is the half saturation coefficient and x is the
scaled food density (Kooijman, 2010):

f=Ko=2 (2.1)

In the C. regab abj-model, a functional response was estimated as a
parameter for each sampling site, independently of the time/season of
sampling: Regab Center, Regab Southwest, Lobe A, Lobe B and Lobe
C (Fig. 2.8, Table 2.5). Regarding the Regab pockmark, it has been
suggested that biogeochemical conditions have been relatively stable
throughout time, at least between 2000 and 2008 (Pop Ristova et al.,
2012). However the Lobes complex was characterized by high sediment
accumulation and turbidity currents and appeared to be a less stable
environment than Regab (Rabouille et al., 2017a; Sen et al., 2017). Nev-
ertheless, for the parameter estimations, food (i.e., sulfide) was assumed
to be more or less constant at each Lobe and Regab site throughout the

years of sampling.

abj-farming In the abj-farming model, a functional response for sym-
bionts (f;) was defined as f in the abj-model; one f; was set to be esti-
mated as a parameter for each sampling site.

The novelty was that the quantity of food available for the host was
considered dependent on the ratio between symbiont structure (V; and
host structure V); the idea behind this is that for the same volume of
symbionts, a larger host will have less food available. A new parameter
have been implemented, the half saturation coefficient vg,, where host

ingestion is half of its maximum.

<=

fn= (2.2)

<=
+
<

=~

1%5)
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Host functional responses (f;) were predicted as a function of sym-
bionts functional response parameters using the MATLAB "fzero" func-
tion to solve Eq. 2.3 where px is the host ingestion flux (Jd™'), {pxu)
(Jd~!) is the maximum host ingestion flux (Jd~! cm™2), s (-) is the host

acceleration factor, V (cm?) is the host structure.

P -0 (2.3)

The parameter values impact on the estimation of f;, was represented

in Fig. 2.11 (Supplementary Figures).

2.2.2.2 Temperatures

Body temperature impacts physiological rates therefore physiological
rates of the host and symbiont were corrected to estimate parameters at
a reference temperature T,,s = 293.15 K (20°C) (Supplementary Meth-
ods 2.6.6) (Kooijman, 2010).

2.2.3 Estimation of primary parameters

The Add-my-Pet (AmP) procedure (DEB-tool package, MATLAB) (Lika
et al., 2011; Marques et al., 2018) was used to estimate C. regab abj and
abj-farming parameters (Tables 2.6 and 2.1, respectively) from data (Ta-
ble 2.4) at a given temperature and functional responses. Parameters
were obtained using a minimization method of a loss function (function
of data, predictions from parameters and data weight coefficients) (Mar-
ques et al., 2019). The accuracy of models fit was quantified with the
mean relative error (MRE), the symmetric mean squared error (SMSE)
and the standardized mean absolute error (SMAE). Constraints were
added as customized filters for the symbionts to keep the estimation
of parameters inside the biologically meaningful part of the parameter
space during the minimization procedure. Additional codes for predic-
tions (Supplementary Methods 2.6.7, 2.6.8, 2.6.9), compared to those
available on the Add-My-Pet database, were developed in this study
for new data types in the abj-farming model (CODE TO UPLOAD ON-
LINE).
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2.3 Results

2.3.1 Models’ predictions

The abj and abj-farming model predictions, compared to data, resulted
in MRE (mean relative error) of 0.094 and 0.195 respectively, in SMAE
(standardized mean absolute error) of 0.053 and 0.088 respectively, and
finally with SMSE (symmetric mean squared error) of 0.029 and 0.049

respectively.

2.3.1.1 Zerovariate data

Of the seven zerovariate data related to life history traits shared by the
two models, length predictions at hatching, birth, metamorphosis and
puberty, and life span were better predicted with the abj-farming model
with a relative error (RE) less than 0.005, whereas the clam maximum
reproduction rate and ultimate length were better predicted with the abj
model (Table 2.7). Regarding chemical flux predictions, carbon flux pre-
dictions were more accurate (closer to data) with the abj-farming model
whereas nitrogen fluxes predictions were better with the abj model (Ta-
ble 2.7). For oxygen fluxes, no important differences between the models
could be assessed (Table 2.7). The symbiont-related data could only be
predicted with the abj-farming model, where the ratio of the bacteria-to-
gill volume was well predicted (RE < 0.005; Table 2.7). Fluxes of sulfur
and yields were well predicted for sulfide and oxygen, but the yield for
nitrogen was not well predicted (RE » 17; Table 2.7). Bivalve biomass
in gmol~! was well predicted but less in terms of mol H,S C-mol™! of
biomass (Table 2.7).

2.3.1.2 Univariate data

Univariate data (Table 2.8) were well predicted by both abj and abj-
farming DEB models, for both the relationships between shell length
and wet weight (L-Ww, Fig. 2.9a (RE = 0.08-0.21), Fig. 2.10a (RE = 0.09-
0.28) respectively), between shell length and dry weight (L-Wd, Fig. 2.9b
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(RE = 0.14-0.35)), Fig. 2.10b (RE = 0.13-0.41) ), between reproduc-
tion rate and shell length (R-L, Fig. 2.9c (RE = 0.60-7.50), Fig. 2.10c
(RE = 0.58-7.57) respectively) and finally bewteen reproduction rate
and wet weight (R-Ww, Fig. 2.9d (RE = 0.62-6.46), Fig. 2.10d (RE = 0.58-
5.63) respectively). With both models, univariate data sets related to
the reproduction rate were less well predicted, with data sets R-L and
R-Ww from site Regab southwest RE > 1. RE for time-length predic-
tions with abj and abj-farming models were RE = 0.01 and RE = 0.03-
0.02, respectively. The main difference between the two models lies in
the estimated growth rate of the host (time-length curves, Fig. 2.9¢e for
the abj-DEB model and Fig. 2.10e for the abj-farming model). In the
abj-farming model, the von Bertalanffy growth coefficient (rr5) was es-
timated at 2.3 107 d~! while it was 8.3 107* d~! using the abj model
(4-fold faster). The growth rate was similar for both the Regab Center
and Southwest sites. With the estimated Bertalanffy growth coefficient,
the C. regab growth rate could be estimated for Regab Center and South-
west, 1 day after metamorphosis (L;) to 1 cmyr™! and to 2.27 cmyr™! for
abj-farming and abj models respectively, 5 years after L; to 0.72 cmyr!
and 0.67 cmyr~! with abj-farming and abj models, respectively, and 12
years after L; to 0.4 cmyr~' and 0.08 cmyr~! for abj-farming and abj

models, respectively.

2.3.2 Estimated functional responses

With the abj model, the estimated functional responses (f) were 0.68
and 0.65 for the Regab Center and Southwest sites, respectively, and
2.2, 0.8 and 5.90 for the Lobe A, B, and C sites, respectively. With the
abj-farming model, the estimated host functional responses were very
similar, with f;, =0.176 + 0.002 (mean + standard deviation) for all sites.
The host’s functional response to reach its maximum shell length was
then set to 0.18. Symbiont functional responses were estimated at 0.57
and 0.54 for the Regab Center and Southwest sites, and 0.5 for the sites
Lobe A and B sites, and 0.64 for Lobe C site. The symbiont functional

response for the sulfide consumption experiment was set at 0.8.
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2.3.3 Estimated parameters of the abj and abj-farming

models

Somatic maintenance of the host [p)/] was estimated to be 30 times
higher than symbionts’ somatic maintenance [py;,] (Table 2.8). The sym-
bionts’ specific cost for their structure [Egg] was high compared to the
host’s, i.e., three times higher (Table 2.8). The maximum assimilation
rate of the symbionts [p4,,;] was not comparable to that of the host
{Pamn} because the first was given per unit of structural volume and
the latter was per unit of structural area (Table 2.8). Comparing the
abj and abj-farming model parameters, the estimated [p);] was higher
in the abj-farming model. The estimated energy conductance for C. re-
gab was higher in the abj model. New parameters added for the abj-
farming model could not be discussed much as they could not be com-
pared to any value. C. regab maximum assimilation rate {p,,} with the
abj model was 154.9 Jd~! cm~? and the reserve capacity [E,,] was 199.6
Jem™3. With the abj-farming model, {p4,.;} was 3005.1 Jd~' cm~2 and
[E,,] 8.5 10° Jem™3.

2.3.4 Symbiont dynamics with the abj-farming model

Modeled host shell length L;, symbiont structure V; and reserve E;,
and host and symbiont biomasses increased with time (Figs. 2.3a, b,
¢, d and e, respectively). When the symbiont functional response f;
was lower, the symbiont structure and biomass were predicted to be
larger while the reserve energy was not impacted (Figs. 2.3b, c and e).
Hence, the symbiont reserve density decreased with a lower f;. The pre-
dicted symbiont structure increased dramatically when symbiont func-
tional response was too low (f; < 0.5) and reached unreasonable sizes
for symbionts compared to host. This indicated that the simplification
of fast dynamics was no longer valid for such low values of functional
responses. The symbiont biomass was predicted to be roughly one-
sixteenth of the host biomass (Figs. 2.3d and e).
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2.3.5 Energy fluxes with the abj-farming model

With the abj-farming model, the predicted ingestions of both symbionts
and hosts remained more or less constant for different symbiont func-
tional responses f; and were higher with larger hosts (Fig. 2.4a, b). The
bivalve ingestion dynamic was predicted differently with the abj model.
Ingestion was higher for larger bivalve shell sizes and for higher func-
tional responses f (Supplementary Material. Fig. 2.14).

In an adult host, a fraction of assimilated energy was used to increase
its biomass (modeled as the variation in the host reserve plus host struc-
ture) and the other part was spent to cover maintenance costs (somatic
and maturity maintenance), through transformation processes (assimi-
lation and growth overheads) and through reproductive processes (re-
production overheads). Symbionts allocated energy to increase their
biomass, and spent energy for assimilation and growth overheads, as
observed for the host, but only to somatic maintenance, as there were no

maturation/reproduction processes for the symbionts.

The variation in biomass and dissipated energy as maintenance and
overheads were compared between an adult host and its symbionts for
two different symbiont functional responses (f; = 1 and f; = 0.5) and
two different sizes of adult bivalve hosts (0.8 times the maximal esti-
mated shell length (= 10.5 cm) and 0.5 times the maximal estimated
shell length (= 6.6 cm)) (Fig. 2.5).

The variation in symbiont biomass (i.e., variation in the symbionts’
reserve plus variation in the symbionts’ structure) could not be com-
puted, as a fast dynamic of symbionts state variables was assumed in
the abj-farming model; symbiont state variables adjust immediately to
reach equilibrium in changing conditions (e.g., variation in symbiont
functional response).

For a different symbiont functional response (f;), the host did not
change the proportion of energy distribution between biomass and dis-
sipation (Figs. 2.5a, ¢, d, f, g and i). The energy dissipated by the sym-
bionts was negligible compared to that of the host (Figs. 2.5a, b and c).

A smaller host (Fig. 2.5b), compared to a larger host (Figs. 2.5a and c)
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allocated a bigger fraction of its energy budget to increase its biomass.
When the host was larger, the biomass was enhanced by an increase
in the reproduction buffer (Fig. 2.5d), while for a smaller bivalve, the
biomass was enhanced by an increase in the reserve and the structure
(i.e., growth) (Fig. 2.5e).

The larger the host was, the higher the percentage of mobilized en-
ergy for somatic maintenance, and the smaller the host was, the lower
the percentage of energy mobilized for somatic maintenance (Figs. 2.5g
and h). Only a small percentage of energy was lost in reproduction
overheads and maturity maintenance (Figs. 2.5g, h and i). A lower func-
tional response increased the percentage of energy used for maintenance
(Figs. 2.5g and i).

The size of the host did not impact the way symbionts allocated
their energy (Figs. 2.5j and k): 3/4 of the symbionts dissipated energy
as growth overhead, 1/4 as assimilation overhead and a small amount
for somatic maintenance. Compared to the abj model, the increase in
biomass due to the reproduction buffer was significantly higher in the

abj-farming model (Supplementary Material Fig. 2.12).

2.3.6 Chemical element fluxes with the abj-farming model

With the abj-farming model, host chemical fluxes of oxygen (O), car-
bon (C) and nitrogen (N) for assimilation, dissipation and growth pro-
cesses were independent of symbiont functional response ( f;) (Fig. 2.6).
Oxygen, carbon and nitrogen fluxes for assimilation and dissipation in-
creased with host size (Assimilation Figs. 2.6 a, b, ¢ and dissipation
Figs. 2.6 d, e, f). For growth, chemical element (C, O, N) use first in-
creased with host size and then decreased, which was congruent with a
first acceleration phase of growth and then a slowing of growth when the
host approached its maximum size. Most of the chemicals assimilated
by the host (carbon Fig. 2.6a, oxygen Fig. 2.6b and nitrogen Fig. 2.6¢)
were lost to dissipation (carbon Fig. 2.6d, oxygen Fig. 2.6e and nitrogen
Fig. 2.6f) and only a small fraction was mobilized for growth (carbon

Fig. 2.6g, oxygen Fig. 2.6h and nitrogen Fig. 2.6i). Carbon, oxygen and
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nitrogen assimilated by the symbionts (Figs. 2.7a, b and c, respectively)
and carbon, oxygen and nitrogen used by the symbionts for growth
(Figs. 2.7g, h and i, respectively) did not depend on the symbiont func-
tional response (f;) and were constant for a given host size but increased
with increasing host size whereas dissipated carbon, oxygen and nitro-
gen (Figs. 2.7d, e and f respectively) depended on the symbiont func-
tional response (f;). Dissipated chemical fluxes increased with lower
symbiont functional responses and larger hosts (Figs. 2.7d, e and f). Un-
like the host, symbionts used more chemicals for growth (Figs. 2.7g, h
and i) than the amount they dissipated (Figs. 2.7 d, e and f). Symbiont
sulfur assimilation did not depend on the symbiont functional response
(f;) but increased with host size (Fig. 2.7 j). abj model chemical fluxes
are available in Supplementary Material Fig. 2.13.

2.4 Discussion

2.4.1 Models of symbiotic species and DEB

2.4.1.1 Existing models for deep-sea symbiotic bivalves

Only two studies were carried out to model the metabolic rate of sym-
biotic bivalve species living in deep-sea reducing habitats. The mod-
els were developed on the mixotrophic mytilid Bathymodiolus azoricus
from hydrothermal vents. Carbon consumption flux of the endosym-
bionts and host filtration of the particle organic matter were included
(Husson et al., 2018; Martins et al., 2008). The first model included
no effect of temperature in metabolic rates and no experimental data
(Martins et al., 2008). The scale functional response of the endosym-
bionts were based on the concentration of either methane and sulfide
based on a Michaelis—Menten function for the food level. The mass of
their symbionts, which represented 4% of the gill wet weight, was used
(Martins et al., 2008). The most recent model (Husson et al., 2018) was
an improvement of the previous model (Martins et al., 2008) with more

parameters controlling the input and uptake flows, symbiont biomass,
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and the mussel assimilation with temperature correction for metabolic
rates. However, both conceptual models did not include any ontogenic
variations in carbon flux from embryo to adult stages as does the DEB
model. These models also focused only on host growth, and did not
include energy invested into the reproduction, maintenance and matu-

rity/reproduction of the host, as DEB does.

2.4.1.2 Existing DEB models for deep-sea/symbiotic species

The only DEB model developed for a deep sea species (available in the
Add-My-Pet DEB database) was an abj model for a wood-booring bi-
valve, Xylonora atlantica (Bivalvia, Myida, Xylophagaidae) (MRE = 0.148;
SMAE = 0.162; SMSE = 0.040) (Gaudron et al., 2021). An abj model
was also developed for a symbiotic mixotroph bivalve species of the
Thyasiridae, Thyasira cf. gouldi (Bivalvia, Lucinida, Thyasiridae) (MRE
=0.053; SMAE = 0.059; SMSE = 0.02) harboring intra- and extracellular
sulfur-oxidizing bacteria (Marino et al., 2019). Some C. regab abj pa-
rameters stand out compared to abj parameters of the deep-sea species
Xylonora atlantica and the symbiotic species Thyasira cf. gouldi. The
specific cost for structure [E¢] (Jcm?) and the volume-specific somatic
maintenance [py;] (Jd~! cm?®) were high for C. regab compared to the 2
other species. [Eg] at 20°C was estimated at 6687 J cm? for C. regab, 2349
Jem?3 for X. atlantica and 2355 Jcm?® for T. cf. gouldi. [py] at 20°C was
estimated at 568 Jd~!cm? for C. regab, 29.22 Jd~'cm? for X. atlantica
and 15.78 Jd~' cm? for T. ¢f. gouldi, respectively. [Eg] and [py] are di-
rectly linked to the somatic maintenance rate coefficient (kyg, d71). The
somatic maintenance rate coefficient ky; (d~!) is the volume-specific so-
matic maintenance [py;] (Jd~! cm?®) divided by the specific cost for struc-
ture [Eg] (Jcm?). Somatic maintenance rate coefficient of C. regab (0.085
d~!) was roughly seven times that of X. atlantica (0.012 d~!), which was
roughly twice that of T. cf. gouldi (0.007 d~!). The somatic maintenance
rate coefficient varies greatly between taxa, and C. regab is of the same
order of magnitude as other bivalve species at 20°C (Kooijman, 2010).
Only two dynamic bioenergetic models have been developed to de-

scribe the symbiotic relationship between endosymbiotic photosynthetic
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Symbiodinium algae with a shallow coral species (Cunning et al., 2017;
Muller et al., 2009) and an anemone (Kaare-Rasmussen et al., 2023).
Symbiotic anemones and corals can obtain nutrients from their environ-
ment and from their symbionts. In both symbiotic anemone and coral
models, translocation of carbon from symbionts to host was modeled as
a surplus flux, with symbionts using first the fixed photosynthetically
carbon they need for themselves while the remaining becomes avail-
able to the host. In both models, priority access to nitrogen was given
to host; however, symbiont access was modeled differently between the
two models. In the anemone - Symbiodinium model, symbionts received
nitrogen from host surplus flux while in the coral - Symbiodinium, they
received nitrogen by "consuming" the host, as in a predator-prey rela-
tionship. Such translocation fluxes of nutrients from host to symbionts
were not implemented in the C. regab abj-farming model although they
could occur. These exchanges of nutrients remain poorly understood
in deep-sea chemosymbiotic bivalves. In the abj-farming model, sym-
bionts access to carbon and nitrogen first, and then the host can get ob-
tain carbon and nitrogen by feeding on the symbiont. Countless symbi-
otic states happen in life (Kooijman et al., 2003), and these three models
show different degrees of food dependency and equilibrium between
host and symbionts. The C. regab abj-farming model with explicit sym-
bionts is complex. The model could be simplified, as in anemone -
Symbiodinium (2 state variables, symbionts and host biomasses) (Kaare-
Rasmussen et al., 2023) and coral - Symbiodinium (3 state variables, sym-
bionts and host biomasses and photooxidative synthesizing unit) (Cun-
ning et al.,, 2017) models to answer specific scientific questions (i.e.,
symbiont cost and coral response photooxidative stress, respectively)
and to prevent excessive model complexity. As there are fewer state
variables (no reserve, no maturity, and no reproduction buffer) in these
models, the number of parameters is reduced. The first published coral
- Symbiodinium model (Muller et al., 2009) was much more complex
than the second one (Cunning et al., 2017) which focused on the ques-
tion of coral response to photooxidative stress. Complexifying the abj-

farming model to add additional reserves (e.g., stored sulfur granules by
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sulfur-oxidizing symbionts) and/or adding additional food sources for
the host and its symbionts (e.g., nutrient translocation) might require

some model simplification to keep the model usable (Pfab et al., 2022).

2.4.2 abj versus abj-farming

2.4.2.1 Model accuracy

In this study, the abj and abj-farming models provided good results as
small errors were calculated (MRE, SMAE, SMSE) for predictions from
the estimated set of parameters and data, collected from the field and
lab experiments. The errors were greater for the abj-farming DEB model
than for the abj DEB model. This to be expected as the former is a much
more complex model, since it has eleven more parameters. Filters for
prediction were added to lead the parameter estimation and maintain
realistic values. More than half of the data (8 out of the 13 different
types of data used in both models) were better predicted with the abj-
tarming model (e.g., growth rate of the host) than with the abj model.
In addition, parameters related to the symbiont bioenergetics could be
deciphered with this novel abj-farming model, highlighting the impor-
tance of integrating symbionts within the dynamic of the energy budget
of a symbiotic model species to study host-symbiont relationship.
Time-length predictions (t-L) seem closer to what is expected with
abj-farming model. For the abj model there was a need to use an anchor
data point for the growth rate to have the estimation, set at 1 cmyr~".
Without the anchor data point, the abj model growth was predicted too
fast compared to the literature values. A rough growth rate was esti-
mated to be 0.8 cmyr~! for both Regab center and south-west sites with
a cohort analysis on adult specimens (Decker, 2011). The anchor data
point for the growth rate was not needed for the abj-farming model to
obtain realistic growth rate values. Both abj and abj-farming models
presented in this paper predicted growth-rates for small C. regab spec-
imens at Regab sites southwest and center of the same order of magni-
tude as vesicomyid Calyptogena kilmeri (Barry et al., 2007). The growth

rate of C. kilmeri from a cold seep off central California was estimated
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by tag-recapture to 1 to 2 cmyr~! for small specimens (Barry et al.,
2007). With radionuclide dating techniques on shells, the vesicomyid
species growth rate from the Galapagos Spreading Center hydrothermal
field and 21°N East Pacific Rise hydrothermal area were estimated at 4
cmyr~! (Turekian & Cochran, 1981) and an average growth rate along
the axis of maximum growth (10 cm) of 0.27 cmyr~! (Turekian et al.,
1983), respectively. On-site calcein staining was tested deep-sea seep
sites off Hatsushima Island (Western part of Sagami Bay, central Japan)
on four vesicomyid calyptogena clams, three identified as C. soyoae and
one as C. okutanii at 1,174 m depth (Tada et al., 2010). The clams were
exposed to calcein for 48hours on site and then recovered ten days later;

a well visible mark was visible (Tada et al., 2010).

2.4.2.2 Functional responses and biogeochemical context of the sites

For Regab and Lobe sites, estimated functional responses with the abj
model and symbiont functional responses with abj-farming model could
be compared, as they are directly linked to environmental food density
(and not host functional responses). The functional response was es-
timated to be the highest at the Lobe C site by both the abj-farming
(for symbionts) and abj models (whole symbiotic association). The func-
tional response for symbionts was estimated to be the lowest at Lobes A
and B with the abj-farming model while with the abj model, the lowest
estimated functional response was at southwest and center sites of the
Regab pockmark.

In the Lobes, cold seep-like ecosystems are formed thanks to impor-
tant deposits of organic material coming from the Congo River. Sites A
and C were situated near the main channel, site A at the entrance and
site C at the end, while site B was far from it (10 km). At Lobe C, which
was estimated to have the highest symbiont functional response by both
models, sedimentation rates were high compared to sites A and B, and
dense and live vesicomyid aggregates were dominated by C. regab with
a few dead shells only (Olu et al., 2017; Rabouille et al., 2017b). Addi-
tionally, it was supposed that this site was the most recent deposition
zone (Olu et al., 2017; Rabouille et al., 2017b).
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At site Lobe A, vesicomyids also formed dense beds dominated by
C. regab. The Lobe B site had only small patches of reduced sediments,
and few scattered vesicomyid patches mainly consisting of dead shells
were observed; moreover, C. regab was not the main vesicomyid species
(Rabouille et al., 2017b). Among the three Lobe sites, the Lobe C site
biogeochemical context seemed to provide the best conditions for sul-
fide production and thus a higher food level for C. regab symbionts,
which is congruent with the Lobe C site having the highest estimated

functional response.

At the Regab site, a gradient of methane emission occurs along the
pockmark radius from the center to the periphery (Ondréas et al., 2005;
Pop Ristova et al., 2012). The highest sulfur content was measured in the
sediment located in the center of the pockmark (Ondréas et al., 2005).
Furthermore, a higher biomass and condition index on site was mea-
sured for specimens collected from the center than from the southwest-
ern site (Decker, 2011). With both abj and abj-farming models, the func-
tional response was estimated to be higher for the center of the Regab

pockmark than for the southwestern site, which agrees with what was
observed in the field.

Predictions of C. regab symbiont sulfur consumption rates were es-
timated to be higher for the Regab southwest site and the Regab center
site than for the Lobe C site. The abj-farming model suggested that a
higher symbiont consumption is linked to a lower symbiont functional
response. Experimental data showed that the C. regab sulfur consump-
tion rate of the gills from C. regab was higher for Regab’s southwestern
site, then Lobe C, and finally the Regab center (Decker unpublished).
One explanation of these differences could be that for the sulfide ex-
periment, the same functional response was set to be estimated for the
specimens at the three different sites, as during the experiment, they

were exposed to the same “food” density, since they were likely not in
the field.

Symbiont functional responses are complex to explain, as symbionts’
access to sulfide may be related not only to the concentration of sulfide

in the near environment but also to how much/and how the host pro-
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vides sulfide to its symbionts (host sulfide binding capacity and foraging
capacity) and to sulfur“storage” by symbionts as granules and circulat-
ing sulfide inside the host (Cruaud et al., 2019).

The total elemental sulfur of C. regab specimens was analyzed, and a
difference between Lobe C site specimens and Regab center site spec-
imens was observed, with a mean percentage of elemental sulfur of
12.7% at the Lobe C site and 16% at the Regab center site (Khripounoff
et al., 2017). Elemental sulfur granules were also found in other vesi-
comyid species gills, produced by sulfur-oxidizing symbionts and could
constitute a "reserve" to buffer environmental fluctuations in sulfide avail-
ability (Cruaud et al., 2019). The gill sulfur contents in Archivesica gigas
and Phragea soyoae from the Guaymas Basin were 16.14% and 11.27% of
gill dry weight on average, respectively (Cruaud et al., 2019). Adding an
additional reserve for sulfur would be interesting to try to understand
the dynamics of those granules, their formation and their use by the

sulfur-oxidizing symbionts.

2.4.3 Host-symbiont dynamics with the abj-farming model

2.4.3.1 Host feeding strategy

Symbiotic associations rely on some kind of equilibrium between cost
and benefits for the host and its symbionts. Symbionts can limit the
fitness of the host but act as a buffer to stressors (Bénard et al., 2020).
However symbiotic association are more vulnerable to external stres-
sors as having symbionts could shift from benefits to costs (Bénard et
al., 2020). The abj-farming model, unlike the abj model, could study
host-symbiont dynamics and proposed unexpected results. The simula-
tions suggests that with this symbiosis the clam ensures itself a constant
functional response that is independent of its sulfur-oxidizing symbiont
functional response. This strategy might be a great way to prosper in
fluctuating environments such as cold-seeps, where the flow of sulfide
can cease for some time. In the abj-farming model, when less food was
available for the symbionts (i.e., low functional response, low sulfide

availability), symbionts might ingest more to cope with host constant
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ingestion, acting as a buffer. The abj-farming model also suggests a high
assimilation flux from the symbiont, in terms of energy, compared to
the host. Symbionts have a reduced genome, where, for example, cer-
tain genes needed for multiplication are absent or controlled by the host
(Perez et al., 2022).

This kind of homeostasis is a novel concept compared to what has
been suggested thus far in the literature regarding deep-sea symbiotic
species, where often the quantity of symbionts within the gills of bi-
valves is linked to the level of reduced compounds such as sulfide. In
Bathymodiolus azoricus deep-sea mytilid, a pulse of sulfide induced an
increase in sulfur-oxidizing bacteria (Halary et al., 2008). Host home-
ostasis and symbiont stoichiometric flexibility has been observed in a
lucinid coastal species as the C:N ratio varied seasonally for the sym-
bionts and not of the host (Cardini et al., 2019).

2.4.3.2 Predicted biomasses

The maximum symbiont biomass estimated by the abj-farming model
represented approximatively 5% of the maximal biomass of C. regab
which is realistic value compared to other symbiotic bivalves such as
Bathymodiolus thermophilus (Powell & Somero, 1986).

2.4.3.3 Chemical element fluxes

The mean sulfide consumption by symbionts in C. regab gills used in
this study to calibrate the abj-farming model was much lower than that
in the vesicomyid species Calyptogena kilmeri and C. pacifica from cold
seep sites in Monterey Bay, U.S. state of California (Goffredi & Barry,
2002b). The mean gill consumption values were 0.13 and 0.96 pmol
gill Ww g~ min~! respectively while the C. regab gill consumption were
0.021, 0.036 and 0.052 pmol gill Ww g~! min~! for the Regab Center, Re-
gab Southwest and Lobe C sites, respectively (C.Decker unpublished).
However, the symbiont explicit model predicted a consumption of sul-
fide 2-fold higher for C. regab than the real values used to calibrate the

model getting closer to the values measured in situ in Monterey Bay on
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other vesicomyid species.

In some symbioses, the oxygen consumption rates are so high that
oxygen may be a limiting factor for host and symbiont metabolism. The
high oxygen demand of chemosynthetic symbionts places a cost on their
hosts that have evolved a range of adaptations to meet the aerobic de-

mands of their symbionts (Sogin et al., 2021).

2.4.3.4 Symbiont yields for macrochemical equations

Yields of mole of sulfate and of oxygen per yields of hydrogen sulfide
assimilated by C. regab sulfur-oxidizing symbionts were predicted sim-
ilar to Thiobacillus denitrificans yields (Sublette, 1987). Yields of moles
of ammonium and biomass per yield were predicted with the model
to be higher than data. There might be different explanations for this.
First, the yields used as data to calibrate the models are not the yields
of C. regab symbionts, but of another sulfur-oxidizing bacteria used as
a proxy to estimate C. regab symbiont yields. Second, a standard DEB
composition was used for symbionts’ structure and reserve (the same as
the host) and is not well adapted to C. regab bacterial symbionts. Third,
something is missing linked to nitrogen metabolism in the macrochem-

ical equation for C. regab symbionts assimilation.

2.4.3.5 High energy allocation to maintenance of symbionts

The hypothesis of an important energy fraction allocated to mainte-
nance, up to 30-50% of the total energy budget, was made for the vesi-
comyid species Calyptogena kilmeri and C. magnifica from cold seeps
(Goffredi & Barry, 2002a). Symbiont sulfide oxidation produces proton
and sulfate ions which could result in acidic conditions if they accumu-
late. To maintain ion homeostasis, the clam needs energy to eliminate
protons (Goffredi & Barry, 2002a). The results of this paper suggested
that the fraction of energy allocated to maintenance could be near 75%

of the total energy budget for the largest specimens.
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2.4.4 Further applications and developments of the abj-

farming model

This paper is the first DEB model developed for a symbiotic deep-sea
bivalve species with symbionts integrated within the model. Thanks to
this novel abj-farming DEB model, the dynamics of symbionts can be
deciphered and predictions can be made for the symbionts’ metabolism
within their host and their interactions. Models with a similar structure
can be developed for other symbiotic species that tend to be dominant in
various types of chemosynthetis-based ecosystems (hydrothermal vents,
cold seeps, wood fall and whale fall). As vesicomyid species, various
other chemosymbiotic metazoan species with endosymbiotic bacteria
possess genes linked to lysosomal digestion in their genome and/or dis-
play lysis of symbionts, including siboglinid polychaetes (de Oliveira et
al., 2022; Lietal., 2019), gastropod mollusks (Lan et al., 2021) and other
bivalves, such as Lucinidae (Konig et al., 2015) and Mytilidae families
(Zheng et al., 2017). Developing symbiotic DEB models might help to
obtain new insights into host and symbiont dynamic relationships and

highlight interspecies differences or similarities in functional traits.

2.5 Conclusion

A DEB model based on the farming nutritional relationships between
the vesicomyid C. regab and its sulfur-oxidizing symbionts has been suc-
cessfully developed. This is a large step in modeling host-bacterial sym-
biont relationships using the DEB theory. The modeling approach is a
way to derive valuable knowledge from data by making assumptions,
to help answer scientific questions that are difficult, if not impossible
to answer only by observation and experimentation given actual tech-
nological advancements. Developing such models may lead us to novel
discoveries and enhance our understanding of key deep-sea symbiotic
taxa, as the abj-farming model suggests a new kind of survival strat-
egy such as homeostasis, for deep-sea species (i.e., low host functional

response but but constant) feeding on symbiotic farmed bacteria to sur-
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vive in a fluctuating environment. Data collection and modeling efforts
of deep-sea species should continue in this direction to advance knowl-

edge.
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Table 2.1: Additional symbiont related state variables, primary parameters and energy fluxes (pg;), and details of the modified
bivalve host ingestion flux (pxj) of the abj-farming Dynamic Energy Budget model developed for Christineconcha regab. S.V.,
state variable; Param., parameter; h, host; sb, symbionts.

S.V. Description Unit Formula Param. Description Unit
E sb. reserve J dE _ PAs —Pcs — PXEh [P ams] sb. maximum assimilation rate Jdtem™
dt
Vs sb. structure  cm’ aaﬂ = _mmw_ - _mwm_ “ﬁsmv sb. maximum specific searching rate cm?d~'m™?
KXs sb. digestion efficiency of food to reserve -
Flux  Description ~ Unit Formula Kps sb. faecation efficiency of food to feces -
Pxh h. ingestion Jd! PXEh +PXVh/ N.nmm sb. specific-energy conductance d-!
8 P gy
when Ep > mw [ats] sb. volume-specific somatic maintenance Jd~lem3
cost
. h. ingestion of 1 . _E, E - -3
PXEh sb. reserve E Jd VPXEh = E,; [Ecs] sb. specific cost for structure Jem
N S
h. ingestion of :
Pxvi  sb.structure  Jd7' (1—-y)pxvi = FPxen OMVs sb. structure shape coefficient -
s P
Vs
h. half saturation coefficient, value of
Pxs sb. ingestion Jd! (Pxms] fs Vs vks food (Vs + Es) density where ingestion -
(pXE+pXV) is half of its maximum
. b. - . sb. H,S assimilation yield per C-mol of _
Pas S Jd! [Pams) fi Vs YgE 2 yeer molmol™!
assimilation reserve
. sb. -1 kps Vi[Egs]+Pss As sb. H,O assimilation yield per C-mol of 1
d E s o rss Y, I mol
bes mobilization J * Eot[Ecs]Vs HE reserve motmo
. b. ti - :

maintenance

PGs sb. growth ~ Jd™! Pcs—Pss
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Figure 2.2: The "real world" representation of the biological life cycle versus the "abstract world" of the dynamic energy budget
(DEB) theory on the different life stages of Christineconcha regab and its sulfur-oxidizing symbionts. EY, host maturity level

at birth (J) ; E! , host maturity level at hatching (J) ; m\ , host maturity level at metamorphosis (J) ; EP , host maturity level at
puberty (J). “Juvenile I1” stage corresponds to a juvenile in a biological sense whereas “juvenile I” corresponds to a larval stage.
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Figure 2.3: Modeled Christineconcha regab host and sulfur-oxidizing symbionts
variables since host metamorphosis (L;, predicted at 0.1991 c¢m) for 10 years
using C. regab abj-farming model (T = 2.55°C; functional response for host (a,
d): f, = 0.18; functional response for symbionts (b, c, e, f): plain line: f; =1,
dotted line: f; = 0.5. (a) Host shell length (Lh, cm); (b) symbionts structure (Vs,
cm?); (c) symbionts reserve (Es, J); (d) host biomass (structure+reserve) (in dry
weight, g); (e) symbionts biomass (structure+reserve) (in dry weight, g); and (f)
symbionts reserve density (reserve/structure) ([E], gcm™).
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Py (J.day™)

Figure 2.4: Modeled ingestion fluxes with Christineconcha regab abj-farming
model. (a) Symbiont ingestion and (b) host ingestion flux as a function
of symbiont functional response (f;) and host shell length (Lwj) modeled
with Christineconcha regab abj-farming DEB model (host functional response
(fn) = 0.18; T = 2.55°C). (a) mean Pearson coefficient (a) 7 (f;,pxs) = -0.9871 (+

8.4213e-04) ; (b) 7 (f,px) = 1.
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Host Christineconcha regab modeled chemical element (carbon, oxy-

Figure 2.6

fluxes (mold~1);
growth; C, carbon; O, oxygen; N, nitrogen;

]I

’

) fluxes with the abj-farming dynamic energy budget model

dissipation and growth transformations as a function of C. re-

’

gab shell length (L) and symbiont functional response (f;).
A, assimilation; D, dissipation; G

gen and nitrogen
and h, host.

of assimilation
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Figure 2.7: Christineconcha regab symbionts modeled chemical element (car-
bon, oxygen, nitrogen and sulfur) fluxes with the abj-farming dynamic energy
budget model of assimilation, dissipation and growth transformations as a
function of C. regab shell length (L) and symbionts functional response (f;).
J, fluxes (mold~'); A, assimilation; D, dissipation; G, growth; C, carbon; O,

oxygen; N, nitrogen; S, sulfur; and s, symbionts.
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2.6 Supplementary Methods

2.6.1 Data collection

Length at life events The length at hatching (L}, Table 2.4) was esti-
mated as the mean size of the max Feret diameter of mature oocytes (an
oocyte was considered mature when its Feret diameter was greater than
305 pm (From Fig. 9 Jehenne, 2012). Length at metamorphosis (L;, Ta-
ble 2.4) was taken from another vesicomyid species (a Calyptogena spp.
larva, Barry et al., 2007) as no data were available for C. regab or closely
related species. Maximum length (L;, Table 2.4) was taken as the maxi-
mum observed shell size in the literature (von Cosel & Olu, 2009). For
length at birth (L, Table 2.4) (i.e., the length at which the organism
starts feeding on external food and not on maternal reserve), no data
were available, and L, was added as a size between length at hatching

and length at metamorphosis.

Life span A minimal lifespan (am, Table 2.4) was estimated from two
video surveys carried out by Remoted Operated Vehicle Victor 6000
(Ifremer) in 2001 and 2011 (Marcon et al., 2014; Roy et al., 2007) at

the Regab pockmark on a vesicomyid clam bed including C. regab.

Fecundity The maximum reproduction rate (R;, Table 2.4) which rep-
resented the number of oocytes released in one day, was estimated from
image analysis (Image]) of histological sections cut of at 8 pm of gonads
and stained in hematoxylin and eosin. For each histological section ana-
lyzed, the total number of fully grown oocytes was counted, and fecun-
dity was related to the gonad volume viewed as an ellipsoid, assuming
the distribution and proportion of oocytes was the same in the entire

gonad (oocyte minimum Ferret diameter of 305 pm).

Fluxes of chemical elements and gill bacterial ratio Carbon dioxide,
oxygen and ammonium fluxes (JC, JO, JN, Table 2.4) were taken from

on-site experiments carried out at Regab center and Lobe C using a ben-
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thic chamber fitted with a tank encompassing flux measurements on
isolated C. regab specimens (Khripounoff et al., 2017). Sulfide consump-
tion was measured on individual gills dissected from specimens imme-
diately after recovery (JS, Table 2.4, Supplementary Method 2.6.2). For
each specimens, the other gill was fixed to estimate bacterial abundance
using symbiont-specific probes and fluorescence in situ hybridization
(FISH) (vbg, Table 2.4, Supplementary Methods 2.6.3).

Host-Symbiont biomass ratio The ratio of host biomass to symbiont
biomass in dry weight was also added as data (ratioHSb) (Table 2.4, Sup-
plementary Methods 2.6.3).

Symbiont macrochemical equation yields The stoichiometry of the
equation of chemosynthesis of sulfur-oxidizing symbionts is not known.
Yields of aerobic H,S oxidation by the bacteria Thiobacillus denitrifi-
cans, which is a free-living strict autotroph and facultative anaerobe,
were studied in batch reactors (Sublette, 1987). SOi_, 0,, NHI and
biomass stoichiometry of aerobic H,S oxidation in mol per mol of H,S
used were added as zerovariate data (SO4ovH2S, O20vH2S, NH40vH2S,
BiomovH?2S, Table 2.4). T. denitrificans’ yields of assimilation of mol of
HS™ per C-mol of biomass were also used (YSBs, Table 2.4) (Heijnen &
Dijken, 1992). These yields were previously used to model the mussel

Bathymodiolus azoricus interactions with vent fluid (Husson et al., 2018).

Clam length, weight and reproduction rate Relationships between

shell length and wet/dry weight (Ww-L and Wd-L respectively, Table 2.4)
(Khripounoff et al., 2017) and reproduction rate against shell length and

wet weight were also added as univariate data (R-L and R-Ww, Table 2.4)

(Jehenne, 2012).

Clam growth The mean shell lengths of the major cohorts at the Regab
Center and Southwest sites, in August 2008 and February 2011, were
added as time-length data related to growth (t-L, Table 2.4) (Decker,
2011; Guillon et al., 2017).
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2.6.2 Symbiont sulfide consumption

Estimates of sulfide consumption by gill tissue were obtained as de-
scribed below using a protocol adapted from Goffredi and Barry, 2002a
by Carole Decker. Sulfide consumption by intact gills was measured (on
the day of collection) by immersing the gill tissue in sulfide-rich filtered
seawater solutions. Sulfide solutions were made by dissolving Na2$§ in
N2-bubbled filtered sea water (FSW) and put into anaerobic Penicillin
vials of 25 mL. Gills were rinsed in cold FSW before being added to the
vials. After adding the tissue, vials were capped (with septum caps) and
final concentration of H,S was about 0.5 mM. The Vials were rotated at
4°C for up to 36h.

Incubation medium was subsampled using a syringe every 3 to 12h,
and ZnCl, was added immediately for sulfide analysis. Vials with-
out tissue were included as controls and showed a loss of only 0.2-0.3
pmol h~! (around 5%). In the laboratory, sulfide concentrations were
analyzed using standard photometric procedures (Cline 1969; Fonselius
1983). Rates of sulfide uptake were calculated from the slope of the lin-
ear regression obtained with sulfide concentration versus time. Sulfide
consumption was expressed in mmol per min and gram gill or tissue dry

weight after subtracting the control.

2.6.3 Estimation of gill volume occupation by symbionts
based on 3D-FISH

Protocol by Sebatien Duperron (Duperron et al., 2016), experiment by
Carole Decker. For each specimen (three specimens per species per site,
Regab Center and Lobe C), symbiont densities were estimated using 3D
FISH (Fluorescence Hybridization In Situ) as the percentage of gill vol-
ume occupied by the bacteria (Decker et al., 2013). Numbers of bacteria
per unit mass of clam gill were estimated using the percentage of gill
volume occupied by bacteria, a bacterial volume of 4.2.10-12 cm?® and
a bacterial density of 1 gcm_3 (Powell and Somero, 1985). Tissues and
gills wet/dry mass were determined to the nearest 0.1g for individuals

stored in 4% buffered formalin of the same size than those used for this
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study. Dry mass was obtained after tissues were dried for 24h at 60°C.

2.6.4 Host-Symbiont biomass ratio

The ratio of host biomass to symbiont biomass in dry weight was also
added as data (ratioHSb, Table 2.4; Decker unpublished). The biomass
ratio (ratioHSb, Table 2.4) was approximated as:

ratioHSb = tissue dry weight

gill dry weight * gill volume occupation by bacteria

2.6.5 Symbiont macrochemical equations for assimila-

tion, dissipation and growth

Assimilation, dissipation and growth transformations of C. regab sulfur-

oxidizing symbiotic bacteria were defined as:

Y&SHS + YA CO0 + YS5 0, + YIS N O3

— {sb. reserve} + Y&5SOT + Y5 . NHy + Y. H,O  (2.5a)

{sb. reserve} + Y50, — YIi ;NHf YEECO, + YIS H,0 (2.5b)

{sb. reserve}+YggOZ — Yey{sh. structure}+Y1\(;’;IENHI+YggCOZ+YI§§H20
(2.5¢)
where Eq. 2.5a is for assimilation, Eq. 2.5b for dissipation and Eq. 2.5¢
for growth. The symbiont (sb) structure and reserve have the standard
DEB macrochemical equation CH; §Og 5Ny 5. Yo, chemical O yield
(chemical mol.C-mol of reserve_l) ; As, symbiont assimilation ; Ds, sym-

biont dissipation ; Gs, symbionts growth.

2.6.6 Temperature correction

Physiological rates of the host and symbiont are corrected to estimate
parameters at a reference temperature T, = 293.15 K (20°C) (Eq. 2.6T
is the absolute temperature (K) ; k is the rate of interest at T ; k, is the

rate of interest at T, ; Ty is the species-specific Arrhenius temperature
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(K) (which is a primary parameter). The Arrhenius temperature is the

value of the slope of the linear plot In(k) against T~ (Kooijman, 2010).

k(T) =k exp( Ia TA)

Tor ~T (2.6)

The temperature (T°) at Regab Center and Southwest was 2.55°C
during the WACS cruise (February 2011) and 2.6°C during the Guineco
cruise (August 2008) (Decker et al., 2012; Khripounoff et al., 2017). For
Lobes A, B, and C the temperature was 2.4°C (measured during the
Congolobe cruise in December 2011-January 2012, (Khripounoff et al.,
2017); this T° was assumed for WACS Lobes because the WACS sam-
pling was conducted during the same period of the year as the Con-
golobe sampling. The temperature for the sulfide consumption experi-

ment onboard was 4°C (Decker unpublished).

2.6.7 Symbiont state variables computation

Symbiont state variables were written at steady state, making the as-
sumption that symbiont dynamics were quicker than the host dynamics

and come back rapidly to equilibrium (Eq. 2.7).

dE;, | . .
d_ts =Pas—Pcs—Pxe=0 (2.7a)
dVs  Pes  Pxv

it " [Ec [Eve] " (2.76)

y was defined as the fraction of py coming from symbiont reserve E; and
(1 —v) defined as the fraction of px coming from symbiont structure V;.
pxe and pxy fluxes were expressed in function of the flux px using y
(Eq. 2.9 and Eq. 2.10).

Px = (Pxm) fL* = Pxe + Pxv (2.8)
pxe = 7 {Pxm) fL* (2.9)
pxv = (1 =) {Pxm} fL? (2.10)
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2.6.7.1 Symbiont reserve density [E;]

pxe and pxy expressions (Eq. 2.9 and Eq. 2.10) were replaced in state
variable dynamic equation (Eq. 2.7a and Eq. 2.7b), giving Eq. 2.11b.

Pas—Pcs— ¥ {Pxm fL* =0 (2.11a)
st (1_7/){pXm}fL2 _
Eol  [Ev) 0 (2.110)

To simplify the second equation of the system (eq. 2.11b), the equation

was multiplied by [1"5]7/ giving Eq. 2.12.

Eg. (2110)+ EV)Y _( Pos _ (1=9)xn) L) [Evs]y

1=y [EGs] [Evs] L=y

= [I;GGSngfs_];/) _7/{pXm}fL2 (2'12)

The system obtained was then Eq. 2.13.

Pas—Pcs— ¥ {Pxm} fL* =0 (2.13a)
ey () 17 =0 (2.13b)

It gave the equality Eq. 2.14.

Pas=Pcs =V {Pxm) fL? = % — ¥ {Pxm) fL? (2.14a)
el e

From Eq. 2.8-2.10, Eq. 2.15 could be written.
(B} FL? = p;’f f)_(; (2.15a)
SLrobe Bl g
v _1E] (2.15¢)
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£ was replaced by [E,]

1=y [EVS]
in Eq. 2.14 giving Eq. 2.16.

and pg, was replaced by pcs—pss (see Table 2.1)

(pCs _pSs) [EVS] Es

[EqlEy,  PatPes=0 2o
Q%—Gps]s)s_pmwcg:o (2.16b)
S

Pcs and pys were replaced in the following development (Eq. 2.17) as
they were defined in Table 2.1 in the Methods section.

. [E]\ psslE] .
pcs(l+ [EGS])_ Ec. —Pas=0 (2.17a)
. [Es] [pMs] Vs [ES] s
pCs(1+ [EGS])— EGS _pAs—O (217b)
pCs ([EGS] + [Es]) - [pMs] Vs [Es] - [pAms]fsVs [EGS] =0 (2'17C)
B (4 ) - [ V)
—[Pams] Vs [Egs] = 0 (2.17d)
SR R (g 4 ) -
_[pAms]fs[EGs] =0 (2-178)
£ e ] g 4 ) - ]
_[pAms]fs[EGs] =0 (2-17f)
[Es) (kes [Egs] + [Pas] = [Pus]) = [Pams] £ [Es) = 0 (2.17g)
[Es]kes [Egs] = [Pams] f [Ecs) = 0 (2.17h)
(£ = Pamslfs 173
kEs

2.6.7.2 Symbiont structure V;

Vs was computed from symbiont state variables dynamic equations at

the equilibrium (eq. 2.7). Host functional response f was then defined
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by Eq. 2.18. vk, was a new symbiont core primary parameter. vgs was
the half saturation coefficient, with value of food density X equals to
Vs+E; (as the host feed by digestion of symbiont reserve E; and structure

Vi) where ingestion pxg + pxy is half of its maximum.

V.V v,

f= VoV +vgs Vit vgsV

(2.18)

Host ingestion flux of symbiont reserve pxr and host ingestion flux of
symbiont structure pxy (Eq. 2.9 and Eq. 2.10) were written respectively
as in Eq. 2.19 and Eq. 2.20 by replacing f by host’s f expression (Eq. 2.2).

Vs 12

) = ) _ 2.1
pxv = (1= ) (P} I (2.20)
mn Vs+vK5V

Vs was computed from symbiont state variables dynamic equations at

the equilibrium, % =0 and dd‘; =0 (Eq. 2.7a. The same expression of

Vs was obtained from the two dynamic equations.

For the computation of V; from the state variable E; dynamic expression,
pxe expression (Eq. 2.19) was replaced in the equation of E; dynamic

expression at equilibrium (Eq. 2.11a) giving Eq. 2.21.

. . . Vs 2 _
Pas—DcCs V{PXm}mL =0 (2.21a)
)4s —Pos = V1P }LLZ (2.21b)
pAS pCS 7/ pXm Vs + VKSV *
Pas— Pcs . 1 2
—_ = — L 2.21
V. Y Pxm) Vit oV (2.21c¢)

In Eq. 2.22, m%spa was developed with p4, and p¢, expression replaced
by their formulation from Table 2.1. [E;] was replaced by the formula

computed in previous subsection.
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. kg VilEgs]+[pas] Vs
pas—pcs _ PamslfiVs—Es= E[s+([;E]c-;:[]p\ZI ]

7 7 (2.22a)
= a1 - ) L e (2.020)
= [Pams] fs - [pf}:;]ﬁ kf;g?] :[Zj]\j]s | (2.22¢)
~ [poms) fo— [Pansl [p]f;[fgs] EZ Afk]E (2.224)
~Pan BT [pfii(i][;zf ;%Es) (2.22¢)

' [pAms]fs + [EGs]kEs _ [EGS] kEs + [pMs] f
[pAmS]fS [pAms]fs + [EGs]kEs [pAms]fs + [EGS] kEs (2.22 )
[pAms]fs B [pMs] ) (2'22g)

[pAms] fs + [EGS] i(Es

= [pAms]fs

Eq. 2.22 result was replaced in Eq. 2.21 to obtain V; expression in Eq. 2.23.

R [pAms]fs B [pMs] _ . 1 2
[pAMS]fS ( [pAms]fs + [EGS] kEs) -7 {pXm} Vs + VKSVL (2-233)
. [pAms]fS — [pMs] _ . 1 2
[pAMS]](S([pAms]f;+ [EGs]kEs) 7/{pXm} Vs+vaVL =0 (2'23b)

. [pAms]fs B [pMs] ) . 2
Ve + s V) [Pams] f LI P L2 =0 2.23
(Vs +vks V) [Pams] f; ([PAms]fs+[EGs]kEs Y {Dxm} (2.23¢)

)4 {pXm}L2
(Pams] fs = [Pms]
[PAms]fs (Pams] fi + [Ecs] kgs

—vgsV =V, (2.23d)

Vi could also be computed from the state variable V; dynamic expres-
sion, pxy expression (Eq. 2.20) was replaced in the equation of V; dy-
namic expression at equilibrium (Eq. 2.11b) giving Eq. 2.24. pgs, Pas
and pcs were replaced by their formulation from Table 2.1 in the de-

E

velopment and [E,] = A [Es] was replaced by the formula computer in

previous subsection.
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poe (L= Pxm) vy L?

[Es] ~ Evd (2:242)
e~ pss (L= Pxm) vy L?
Pcs —Pss _ VstvgsV
ol [Ev.] (2:240)
(pCs_pSs)[EVs] _ . Vs
o = b (2.240)
kEsVs[EGs]+[pMS]V [ Vs] . Vs
(et e el v 2 = (s et
(2.24d)
V, ks [Egs] + [Pms] . [Evs] . Vs
(E 7 TANTN ol Ms]Vs)[EGS] =(1 7/){PXm}V TRV g
(2.24e)
kEs [EGS] + [pMs] . [EVS] _ . Vs
[Es]vs [Es]+[EGs] _[ Ms]Vs) [EGs] - (1_7/){pXm} Vs+vaV 2
(2.24f)
kEs [EGS] + [pMs] . [EVS] . 1 _
et Pl o) Bl 1 ol =0
(2.24g)

(Vs +visV) [Evs] [E] kes[Egs] + [Pus)

[EGS] [Es] + [EGS]

[pMs]) (1-y){pxmL* =0
(2.24h)

[EVS] [pAms]fs kEs [EGS] + [pMs] . . _
(Vs+vaV) [EGS] kEs [p/;{ +[E S] [pMs]](ly){pXm}Lz =0

(2.24i)
[EVs] [pAms]fsi(Es [EGS] - [pMs]kEs [EGS] 1 . 2 _
(Vs +UK5V) [EGS] [pAms]fS +kE5[EG5] (1 7/) {pXm}L =0
(2.24j)
[E ] [pAms]fs B [pMs] . 2
k ) —(1- =
(Vs +VK5V) [E s] Es [E ] [PAmg]fs +kEs [EGS] (1 7/){pXm}L 0
(2.24k)
(Y, + oo V) By kg PAme LMl q s 120 20
' [pAms]fs + kEs [EGS]
A i 0112 ) I (2.24m)

[EVS] kES [pAms]fs"'kES[EGS]
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Then, the equality 1_77/ = % was used to make [E;]| appears in the result
equation 2.24 and [E] was replaced again by the formula computed in

previous subsection.

)4 (1_7){pXm}L2

V :; ) [pAms]fs_[pMs] _vKSV (2253.)
[Evelkespp oo e
E s 3 m LZ
VSZ[[EV]] E ky{péA:s]fs—[pMsl ~vksV (2.25b)
) Evslkes gy o e
— 1 7{pXm}L2
VS B [pA’”S]fSk [pAms]fsf[pMs] _vKSV (225C)
kES Es [pAms]fs"'kEs[EGS]
{Pxm) L?
o= yﬁaﬁim—[m] — kY (2.25d)
[pAms]fs[

pAms]fS + [EGs]kEs

2.6.8 Host and symbiont chemical fluxes prediction

The flux of symbiont biomass was equal to the assimilation flux pa;
minus the dissipation flux pp,, minus (1 — k) of the growth flux pg;
(Eq. 2.26). kgs was the fraction of symbiont growth energy fixed in sym-

biont structure (also called growth efficiency).
P =pPa—Pp—(1-xg)pg (2.26)

Oxygen, nitrogen and carbon fluxes were measured on both host and
symbiont. As both of them contribute to the measured chemical fluxes,
predictions were made has the sum of predicted host and symbiont as-
similation, dissipation and growth fluxes of carbon, nitrogen and oxy-
gen. Symbiont macrochemical equations for assimilation, dissipation
and growth were written for one C-mol of symbiont reserve, using the
standard reserve composition CH; gO( 5Ny 15 (Kooijman, 2010). Sym-
biont yields were predicted by solving macrochemical equations (cf. pa-
per). Two yields YfES (H,S yield per C-mol of reserve) and YI‘}‘E (H,O

yield per C-mol of reserve’) were added as primary parameters to be es-
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timated to solve the equations. Sulfide consumption flux Jg . (mol d1h
were predicted from symbiont macrochemical equation for assimilation
as:
) YAS i
]és _ 51_5]As (2.27)
HE
Yg“g was the yield of mol of sulfide to assimilate a C-mol of reserve (H,S-
mol/C-mol), jir the chemical potential of reserve (Jmol™!), [E] the sym-
bionts reserve density (Jcm™2), f; the food density (-), [E,s] the maxi-

mum symbiont reserve density (Jcm™3).

The yield Ysp, data (table 2.4) was predicted as:

) 1
S T TSE [ams] f; O HIE

2.6.9 Bacterial density in gills (vbg) prediction

The assumption that symbiont metabolism is quicker than host metabolism
was made and in consequence, symbiont reserve density [E] goes back
quickly to equilibrium when changed. From this assumption, symbiont

reserve density [E,]| and structure V; were predicted as in equations be-

low.
[E,] = Panslfs (2.29)
kEs
. 2
V=Pl (2.30)
[pAms]fs PAms]Js PMs

[pAms]fs + [EGs]kEs

vbg was defined by the physical volume of the symbiont fos (cm3) di-
vided by the physical volume of gills Vgp (cm?).

VP
vbhg = —L 2.31
g V7 (2.31)
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The physical volume of symbiont V{fs was the addition of the physical
volume of symbiont structure V{;S (cm3) and physical volume of sym-
biont reserve Vgs (cm?®). We made the hypothesis that changes in sym-

biont reserve do not affect symbiont structure.
P _ /P p
VTs - VVS + VEs (2-32)

The physical length of the symbiont structure L}, (cm) was linked to its

structural length L; (cm) by the shape coefficient of symbiont structure

OMy,-

L V.
S = (1 = V=

Ly =
VST oy, (Omy,)°

(2.33)
The total physical volume of symbiont reserve V£ was linked to the
symbiont reserve E, (J) by the compound parameters wg (gmol~!), which
was the reserve molar weight, ug (J mol_l), which was the chemical po-
tential of reserve and dg (gcm™3) which was the specific density of re-
serve.
p WE .
VP = E,—L— with E = [E] V, (2.34)
pede

The total physical length of gills LZ (cm) was defined by Wy, (g), dy
(gcm~3) which was the specific density of structure and opmg which was

host gills shape coefficient.

Wae\'? 1 Wig 1
e R (2:35)
1% Mg V Opg

Symbiont structure shape coefficient o), was added as a primary pa-

rameter to be estimated.
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2.7 Supplementary Figures and Tables
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Figure 2.8: Map of the Gulf of Guinea (Southeast Atlantic) showing
Christineconcha regab sampling sites (red dots) of studied specimens from
which zero- and univariates data used in this study were obtained during
scientific cruises (BIOZAIRE (Vangriesheim, 2001), Guineco (Boetius, 2008),
WACS (West Africa Cold Seeps) cruise (Olu, 2011) and Congolobe cruise
(Rabouille, 2011)) (Lobe A, S 6°28.281 E 6°02.143, -4751m ; Lobe B 56°25.229
E5°49.709, -4712 m ; Lobe C, 56°42.068 E5°29.273, -5070 m ; Regab Center
§5°47.8674 E9°42.6881, -3072 m ; Regab Southwest 5§5°47.9761 E9°42.4825,
-3170 m (Decker, 2011; Khripounoff et al., 2017). White isobaths every 250
meters (background bathymetric data from GEBCO Compilation Group (2023)
GEBCO 2023 Grid (d0i:10.5285/f98b053b-0cbc-6¢23-e053-6c86abc0af7b)).
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Figure 2.9: Christineconcha regab univariate data (Table 2.4) (markers) and abj
Dynamic Energy Budget model predictions (dashed lines). Relationships be-
tween shell length (L, cm) and (a) wet weight (Ww, g), (b) dry weight (Wd, g),
and (c) reproduction rate (R, # number of oocytes produced per day); between
(d) wet weight (Ww, g) and reproduction rate (R, # number of oocytes produced
per day); and between (e) the mean shell length of the main cohorts (L, cm)
and the time elapsed two sampling events (t, days). Marker types correspond
to sampling cruises in the Gulf of Guinea: *, GUINECO (Aug2008); +, Wacs
(Feb2011); e, Congolobe (Dec2011-Jan2012). Colors of modeled curves corre-
spond to sampling sites: Red, Regab Southwest (3154 m depth); Yellow, Regab
Center (3156 m depth) (Khripounoff et al., 2015); Green, Lobes B (4712 m
depth); Light Blue, Lobes A (4751 m depth); Dark Blue, Lobes C (5070 m
depth) (Khripounoff et al., 2017).
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Figure 2.10: Christineconcha regab univariate data (Table 2.4) (markers) and
abj-farming Dynamic Energy Budget model predictions (dashed lines). Re-
lationships between shell length (L, cm) and (a) wet weight (Ww, g), (b) dry
weight (Wd, g), and (c) reproduction rate (R, # number of oocytes produced
per day); between (d) wet weight (Ww, g) and reproduction rate (R, # number
of oocytes produced per day); and between (e) the mean shell length of the
main cohorts (L, cm) and the time elapsed between two sampling events (t,
days). Marker types correspond to sampling cruises in the Gulf of Guinea: *,
GUINECO (Aug2008); +, Wacs (Feb2011); e, Congolobe (Dec2011-Jan2012).
Colors of modeled curves correspond to sampling sites: Red, Regab South-
west (3154 m depth); Yellow, Regab Center (3156 m depth) (Khripounoff et al.,
2015); Green, Lobes B (4712 m depth); Light Blue, Lobes A, (4751 m depth);
Dark Blue, Lobes C (5070 m depth) (Khripounoff et al., 2017).
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Figure 2.11: Parameter sensitivity to host functional response fj,.
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Figure 2.12: Pie charts of the energy distribution (Jd~!) within Christineconcha
regab using abj Dynamic Energy Budget model (temperature T = 2.55°C, func-
tional response f = 0.8). L stands for C. regab shell length. Li stands for the
maximum shell length estimated by the model (Li = 12.3 cm). A stands for the

variation in Jd 1.
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(mol<day'1)

Gh
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Figure 2.13: C. regab modeled chemical (Carbon, Oxygen and Nitrogen) fluxes
with abj Dynamic Energy Budget model of Assimilation, Dissipation and
Growth transformations in function of C. regab shell length (L) and functional
response (f). Assimilation: 2.13a, 2.13b, 2.13c ; Dissipation: 2.13d, 2.13e,

2.13f ; Growth: 2.13g, 2.13h, 2.13i.
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Figure 2.14: Christineconcha regab ingestion (px) flux (mold~!) in function of
C. regab functional response (f) and shell length (Lw) modeled with C. regab
abj DEB model (T = 2.55°C).
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Table 2.2: abj Dynamic Energy Budget model state variables (reserve, struc-
ture, maturity and reproduction buffer) and fluxes (p).

Notation Unit Definition Formula
E J reserve dE = pa—pc
14 cm? structure d—‘t/ = %
Ep J maturity ‘%H =prif Eg < Eg
dstH = 0 otherwise
reproduction dEx _ p
ER ] buffer d_tR_OleH<EH
% = KgrpPr otherwise
px Jd! ingestion Pxm) fV?3 = %, when Ey > EIZ
pa Jd! assimilation Pam)smuf V3
. q-! ingestion not 1 .
Pp J assimilated (1=1p)px
. d_1 reserve TJSMEGVZBJrPs
be J mobilization E KE+[Eg]V
. 4-! somatic s 1V
Ps J maintenance [Pu]
PG Jd! growth Kpc — Ps
. q-! maturity .
b1 J maintenance kiEn
. -1  maturation and . .
PR Jd (I-x)pc—py

reproduction
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Table 2.3: Acceleration coefficient (sp;) to model metabolic acceleration in the
abj model. Ep, host level of maturity (J); Ez, host level of maturity at birth

) E , host level of maturity at metamorphosis (J); EZ, level of maturity at
puberty (J); Ly, structural length at birth (cm); L; structural length at meta-

morphosis (cm) (Kooijman, 2010).

Host maturity level (Egy,) SM
Ep < EY (embryo) ﬁ—z =1

EIZ <Ey< E{{ (early juvenile) L%

. L

Ef{ < Ey (late juvenile + adult) L_i
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Table 2.4: Zero- and univariate data of Christineconcha regab abj and abj-
farming Dynamic Energy Budget models.

Model Data Notation Unit References
length at
hatching Ly, cm Jehenne, 2012
length at birth Ly cm estimated*
length at Barry et al.,,
metamorphosis L om 2007
oy length at puberty Ly cm Jehenne, 2012
i ultimate length L; cm von Cosel and
8 : Olu, 2009
s Marcon et al.,
5 80 life span am d 2014; Roy
g g etal., 2007
.S — 3 d
§ &£ max estu‘nate R; #d! This study
2 ‘% | reproduction rate
3 ® | oxygen flux - dry -1 Khripounoff
N weight JO mold etal., 2017
carbon flux - dry _1 Khripounoff
weight Jc mold etal., 2017
nitrogen flux - 1 Khripounoff
dry weight N mold etal., 2017
sulfur flux - gill 1 Decker
dry weight 5 mold unpublished
Moccupationty b - Decker
pation by 8 unpublished
bacteria
ratio biomass
= host / biomass ratioHSb - Deck'er
. unpublished
symbionts
SO4/H,S SO40vH2S mol mol™! Sublette, 1987
O,/H,S O20vH2S mol mol™! Sublette, 1987
NH,/H,S NH40vH2S  molmol™'  Sublette, 1987
biomass/H,S BiomovH2S gmol‘1 Sublette, 1987
Heijnen and
- hi _ -1 ]
HS~/biomass YSBs mol C-mol Dijken, 1992
dry weight - shell Khripounoff
length Wd-L §-cm etal., 2017
% o0 wet weight - Ww-L -cm Jehenne, 2012
S 2| shell length W & ‘
Q E .
E B | & reproduction rate ) 1 .
c| e f‘? _ shell length R-L #d™' -cm This study
E 2" | reproduction rate RWw 4d-1 - This stud
= - wet weight & Y
tlsr:ribleitnwze_n Decker, 2011;
phns t-L cm -d Guillon et al.,
mean individual 2017
shell length
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Table 2.5: Functional responses in Christineconcha regab abj and abj-farming
dynamic energy budget (DEB) models related to the studied sites and data.
Data in italics are related to C. regab sulfur-oxidizing symbionts and were used
only in the abj-farming model. f, C. regab functional response in the abj model;

fs» symbiont functional response in the abj-farming model.

Cruises
f fs . Guineco WACS Congolobe
o Site (Dec2011-
abj  abj-farming (Aug2008)  (Feb2011) Jan2012)
L-Ww, L-R,
Regab Ww-R, JO-Wd,
fe fes o LWw,tL  LWd tL,  JC-Wd,
vbg, JN-Wd
ratioHSb
L-Ww, L-R,
Regab L-Ww, L-R, Ww-R, t-L,
fsws fsws Southwest  Ww-R, t-L vbg, )
ratioHSb
fLA fLAS Lobe A - L—Wd -
fLB fLBS Lobe B - L-Wd -
JO-Wd,
L-Ww, vbg, JC-Wd,
Jie Jrcs Lobe C L-Wd mtioile JN-Wd,
L-Wd
on-board
fss experiment i JS-wdg i
7777777777777777 from
different
f fu . ;;:Ein . Ly, Lo, Lj, Ly, L, am, R;
observed

values
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Table 2.6: abj Dynamic Energy Budget model estimated parameters

Notation Unit Definition
{Pam} JdTem™ maximum assimilation flux
{Fm} cm?d~'m™2 maximum surface area specific searching rate
Kx - digestion efficiency of food to reserve
Kp - faecation efficiency of food to faeces
4 cmd! energy conductance
K - allocation fraction to soma
KR - reproduction efficiency
(pm] Jd~'cm3 volume-specific somatic maintenance cost
kj cmd™! maturity maintenance rate coefficient
[EG] Jem™3 specific cost for structure
Elh{ J maturity at hatching
E 1131 J maturity at birth
E;{ ] maturity at metamorphosis
EIZ J maturity at puberty
h, cmd~? Weibull aging acceleration
sG - Gonbertz stress coefficient
oM - shape coefficient
OMe - shape coefficient of larva

2.8 Additional work: in research of C.regab lar-

val size(s)

2.8.1 Preliminary observation

Bivalve larval sizes at birth and metamorphosis are data needed to cal-
ibrate an abj DEB model. On a bivalve shell, the sizes of the prodis-
soconch 1 (P1), the shell when the larva feed on its yolk reserve, and
prodissoconch 2 (p2) for planktotrophic larva might be observed. For
C. regab, at least the prodissoconch 1 was expected, as C. regab larva
are supposed to be lecithotroph because of the large size of its oocytes
(about 200 pm) (Decker, 2011). If a P2 is visible on the shell, it would
mean that C. regab larva is a facultative planktotroph. With first binocu-
lar observation, the delimitation of P1 and (maybe) P2 was not obvious
and the shells were eroded. Nevertheless some shell structures were

visible. Other techniques to observe the shells were tested afterward.
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Table 2.7: Zerovariate data (Table 2.4) predictions by Christineconcha regab abj and abj-farming Dynamic Energy Budget mod-
els. Prd: model prediction ; RE: relative error. (See Table. 2.4 for data description.

abj abj-farming

Notation Description Unit Data Prd RE Prd RE
Lh length at hatching cm 0.0388 0.0281 0.277 0.0388 <0.001
Lb length at birth cm 0.1 0.3286 2.286 0.1001 <0.001
Lj length at metamorphosis cm 0.2 0.1718 0.141 0.1991  0.005
Lp length at puberty cm 3.43 3.072  0.104 3.423  0.002
Li ultimate length cm 12.26 12.35  0.007 13.15  0.073
am life span d 3650 4173  0.1433 3643 0.002
Ri max estimated reproduction rate #d! 12.97 13.86  0.069 17.72  0.366
JO_C oxygen flux ; Regab Center mold~! 0.001662 0.0006 0.610 0.0012 0.284
JO_LC oxygen flux ; Lobe C mold™! 0.0005522 0.0006 0.087 0.0007 0.254
JC_C carbon flux ; Regab Center mold! 0.001672 0.0006 0.644 0.0012 0.267
JC_LC carbon flux ; Lobe C mold™! 0.0007145 0.0006 0.228 0.0008  0.095
JN_C nitrogen flux ; Regab Center mold! 8.978e-05 7e-05 0.156 7e-05 0.189
JN_LC nitrogen flux ; Lobe C mold™! 3.9e-05 4e-05 0.084 3e-05 0.182
JS_LC sulfur flux ; Lobe C mold! 5.69e-05 8e-05 0.516
JS_C sulfur flux ; Regab Center mold™! 5.56e-05 0.0001 1.105
JS_SW sulfur flux ; Regab Southwest mold! 7.48e-05 0.0001 0.575
SO40vH2S yield SO4/H,S molmol~! 0.99 1 0.010
0O20vH2S yield O,/H,S molmol~! 1.81 1.208 0.333
NH4ovH2S yield NHy/H,S molmol-! 0.1 1.808  17.08
BiomovH2S yield biomass/H,S gmol~! 4.5 17.03  2.784
YSBs yield HS™/biomass mol C-mol™! 3.33 0.6768  0.797
Vbg_LC mean gill volume occupation by bacteria; Lobe C - 0.575 0.5744  0.001
Vbg_C mean gill volume occupation by bacteria; Regab i 0.522 05194  0.005

center
Vbg_SW mean gill volume occupation by bacteria; Regab i 0.548 05515  0.006
south-west

ratioH_Sb_LC ratio biomasses host / symbionts; Lobe C - 8.16 8.150  0.001
ratioH_Sb_C ratio biomasses host / symbionts; Regab center - 8.4 8.345 0.007
ratioH_Sb_SW  ratio biomasses host / symbionts; Regab south-west - 7.92 7.937  0.002
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Figure 2.15: Images of Christineconcha regab shell with binocular magnifiyer.
(a) CrG1BB10 and (b) individuals from the Guineco cruise (august 2008) in the
Gulf of Guinea; (¢) CrW2CBB1 individual from the WACS cruise in the Gulf

of Guinea.
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2.8.2 Scanning Electron Microscopy (SEM)

SEM was used to look at the surface of the shell, and in particularly the
hinge part, to try to observe the prodissoconch size(s) as it has been pos-
sible for other bivalve species in previous studies (Fig. 2.17) (Gaudron
et al., 2012; Gaudron et al., 2016). Five C. regab shells were selected for
SEM (specimens CRG21BB1, CRG31BB1 and CRG24BB8 from Guineco
cruise in the Gulf of Guinea (August 2008); specimens CRW5BB2 and
CRW20BB1 from WACS cruise (February 2011). As C. regab is a large
species, apex part of shell was isolated from the rest of the shell by cut-
ting around with a small hand-held circular saw, slowly to avoid the
shell to break. Then the pieces were fixed on SEM stubs, the exterior of
the shell against the stub. The surface of apex shell pieces was coated
with gold-palladium with a sputter-coatter to make it conductive. Ar-
gon was used as sputter gas. Samples preparation and micrographs were
realized with the help of L. Courcot (UMR8187 LOG, Wimereux). Un-
fortunately, C. regab shells were too old (from WACS cruises in 2011 and
Guineco cruises in 2008) and shell surfaces were too damaged to see P1
and maybe P2 delimitations (Fig. 2.18).

2.8.3 Sclerochronology

As SEM did not give good results to estimate the size of the larval shell
because of the damaged shell surface, sclerochronology used to try to
estimate the size of the larval shell looking at inside shell structures.
Looking at inside shell increments has been done for cockles (Bellamy
et al., 2010) (Fig. 2.19). Preparation of samples and images were done
by R. Elleboode, Operational coordinator of the sclerochronology centre,
and A. Dussuel at Ifremer, Boulogne-sur-Mer. A valve of two different
C. regab specimens were fixed in resin to cut them more easily and to
avoid breaking them while cutting (Fig. 2.20 a and b). A slice of each
shells were cut with a precision saw keeping the hinge, our centre of
interest, inside the slice. The slices of resin were then mounted each on
a glass slide with a temperature-sensitive glue which is easy to unglue
with heat (Fig. 2.20 d). The glass slides were fixed by capillarity on a
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(d)

Figure 2.16: Christineconcha regab shell preparation for scanning electron mi-
croscopy. (a) small circular-saw used to cut C. regab shells; (b) pieces of C. regab
shells ready for coating; (c) C. regab apex shell parts in the sputter-coatter; (d)
argon bottle on the left and sputter-coatter on the right; (e) scanning electron
microscope (UMR8187 LOG, Wimereux).

(a) Idas modiolaeformis (b) Xylophaga atlantica

Figure 2.17: Scanning Electron Microscopy of the deep sea bivalves species
Idas modiolaeformis (Gaudron et al., 2012) and Xylophaga atlantica (Gaudron et
al., 2016). PI or PdI, Prodissoconch 1; PII, prodissoconch 2.
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CrG24BB8(1)

4

Crw2CBB1(1) '_4 Crw2CBB1(1)

(c) (d)

Figure 2.18: Scanning Electron Micrographs on Christineconcha regab shells.
(a, b) CRG24BB8 shell from the Guineco cruise in the Gulf Guinea (August
2008); (¢, d) CRG24BBS8 shell from the WACS cruise in the Gulf of Guinea
(February 2011). Images obtained with the help of L. Courcot (UMR8187 LOG,
Wimereux).
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block and the slice were grind and polished to obtain a thinner slice
(Fig. 2.20e). Images of shell slices (Fig. 2.21) are hard to interpret as
the apex of the C. regab shells seem eroded or damaged. Nevertheless,
structures can be observed and it should be a good alternative to SEM to
determined L; for deep sea bivalve species and study growth with the

observation of growth increments.

growth
axis in
length

Sectioning
Polishing

Y i
%
* Ventral Wi

margin

Figure 2.19: Slicing scheme of a cockle shell (Figure modified from Bellamy
etal., 2010).

2.8.4 Binocular observation on well preserved shell

Well preserved C. regab shells from Lobes of the gulf of Guinea could be
observed at Roscoff biological station. A change in shell surface texture
from rather smooth to less smooth was observed (Fig. 2.22). This is likely
marking the end of the prodissoconch 1 (P1) or prodissoconh (P2). This
larval shell was estimated around 420 pm from mean measurement on
three shells. Further observations (as SEM and sclerochronology done
previously) need to be done on these shells to make sure which prodis-
soconch is present.
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Figure 2.20: Christineconcha regab shell preparation for sclerochronology. (a)
C. regab shell being fixed in resin. Two spaghetti were used to maintain the
shell straight and resin was firstly poured at mid-height of the mould. Then
resin was poured again to fill the mould. (b) C. regab shell demoulded, fixed
in resin. (c) Precision saw (Ifremer, Boulogne-sur-mer). (d) A slice of C. regab
shell mounted on a glass slide with thermo-glue. (e) Glass slide was fixed by
capillarity on a block to grind and polish the slice (left), a zoom at the shell
apex (right), the red circle shows the area of interest. All the preparations
were realized by R. Elleboode and A. Dussuel at Ifremer, Boulogne-sur-Mer.
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(d)

Figure 2.21: Images of Christineconcha regab shell slices. (a) and (b), shell of
CRG24BB8 individual from Guineco Cruise in the Gulf of Guinea in August
2008; (c) and (d), shell of CRW5BB2 individual from WACS cruise in the Gulf
of Guinea in February 2011. (a) and (c), reflected light; (b) and (d), transmitted
light. Images by R. Elleboode and A. Dussuel, Ifremer, Boulogne-sur-mer.

Figure 2.22: Binocular magnifier observation of a well preserved C. regab shell.
Arrow, likely the end of prodissoconch 1 (P1).
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Chapter 3

Loripes orbiculatus, a mixotroph

shallow-water bivalve

3.1 About Lucinidae (J. Fleming, 1828)

3.1.1 The diversity of the Lucinidae

The Lucinidae (Mollusca, Bivalvia) are marine mollusc bivalves that ap-
peared in late Silurian time (about 444 m.y. (million years) ago) and
stayed at a rather low diversity for approximatively 340 m.y. (Stan-
ley, 2014). When seagrasses and mangroves appeared near the end of
the Cretaceous time (from 145.5 to 65.5 m.y. ago), an important radi-
ation of the Lucinidae occured (Stanley, 2014). Lucinid diversity was
not much influenced by the terminal Cretaceous mass extinction where
most of marine species went extinct. Lucinidae radiation kept on in the
warm Paleocene time (from about 66 to 56 m.y. ago) of the Cenozoic
Era (Stanley, 2014; Taylor & Glover, 2021). Lucinids may have used
their chemosymbionts to survive the late Cretaceous mass extinction, as
there were no observed changes in their morphology and lifestyle (Stan-
ley, 2014; Vrijenhoek, 2013). During the Eocene (from about 56 to 34
m.y.) and Oligocene (from 34 m.y. to 23 m.y.) Lucinidae were some of
the largest consumer in the marine ecosystems (Vermeij, 2010).

At present time, Lucinidae is the most diverse and abundant bivalve
family with more than 400 species (Taylor & Glover, 2021). The Lu-
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cinidae family is composed of eleven sub-families, of which three are
entirely fossils (Taylor & Glover, 2021). Recent classification identi-
fied ninety-six living genera within the Lucinidae family (Taylor et al.,
2022). 73% of this classification was based on the molecular sequencing
of small subunit (SSU) ribosomal ribonuclic acid (RNA) 18S and 28S,
and cytochrome b genes (Taylor et al., 2022).

Lucinid bivalves live from tropical to temperate latitudes, from shal-
low to deep water, up to a known depth of 2570 m (Taylor & Glover,
2021). They are endobenthic inhabiting various marine habitats such as
seagrass bed, mangroves, organic enriched habitats (e.g., sunken vegeta-
tion and seawages area), oxygen minimum zones, coral reefs, hydrocar-
bon seeps (such as mud volcanoes and pockmarks), and hydrothermal
vents (“Diversity of Chemosymbiotic Bivalves on Coral Reefs”, 2007;
Taylor & Glover, 2021; Taylor et al., 2014). The common feature of these
habitats is the existence of a sulfidic layer below an oxic layer of sedi-
ments (Taylor & Glover, 2021).

The symbiosis of Lucinidae, their sulfur-oxidizing symbionts and
seagrasses were described as the foundation of seagrass ecosystems (van
der Heide et al., 2012). Shallow-water lucinid species have been much
more studied than deep water ones (> 200 m depth) (Taylor & Glover,
2021; Taylor et al., 2014). Studies in the Phillippines’ water showed
depth zonation for deep-sea species, and for some species peculiar elon-
gate morphologies not present in shallow-water lucinid, suggesting that

deeper water lucinid radiated independently (Taylor et al., 2014).

Lucinid largest specimens are fossils, including Superlucina maga-
maris (Dall, 1901) from Jamaica dated from the Eocene with a size of
30 cm and Nipponothracia gigantea (Shikama, 1964) from Japan dated
from the Miocene (from 23 to 5 m.y. ago) with a size of 22 cm (Taylor &
Glover, 2021). From that time on, the maximum body size of Lucinidae
decreased significantly until at least the early Miocene where sizes were

still substantially higher than recent sizes (Vermeij, 2010).
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Figure 3.1: Lucine in its environment (adapted from Taylor and Glover, 2000,
Lamers et al., 2013 and Taylor and Glover, 2021).

3.1.2 Notheworthy features of the Lucinidae

Lucinidae have specific and distinct morphological characteristics, in-
cluding an extensible vermiform foot, an anterior apperture and two
posterior apertures, the dorsal one being an excurrent eversible tube and
the ventral one may be only for pseudofaeces (Figs. 3.1 and 3.2) (Taylor
& Glover, 2000, 2021). A flow of water passes through the mantle cavity
from the anterior to the posterior (Fig. 3.1). Lucinids present large and
thick ctenidia (gills) in demibranchs (Fig. 3.2), housing sulfur-oxidizing
bacteria contained in specialized gill cells (bacteriocytes) (Fig. 3.3) (Tay-
lor & Glover, 2021).

Symbionts of lucinids belong to the Proteobacteria phylum (Taylor
& Glover, 2021). Lyzozymes and digested bacteria were observed at the
base of the bacteriocytes (Taylor & Glover, 2021). Their highly exten-
sible foot is used for burrowing and mining for sulfide for their sym-
bionts, forming tunnels ventraly (Fig. 3.1) (Taylor & Glover, 2021). Their

foot possesses an array of chemosensory receptors for sulfide (Yuen et
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ct

Figure 3.2: Loripes orbiculatus general anatomy. ct, ctenidia (gills); m, mantle;
f, foot; vim, visceral mass (gonad + digestive gland).

Figure 3.3: Fluorescence in situ hybridization of sulfur-oxidizing symbionts in
two lucinid gill species. (a) Spatial distribution of Candidatus Thiodiazotropha
taylori in the gills of C. costata and (b) L. orbiculatus. Magenta, Ca. T. taylori;
cyan, Ca. T. endolucinida; yellow, DAPI labeled nuclei; green dashed lines,
zone of ciliated epithelial cells (Images from Osvatic et al., 2021)
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al., 2019). Genomic analysis suggested that the lucinid host may reg-
ulate symbionts access to nutrients with metabolite transporters (Yuen
et al., 2019). Granules near bacteriocytes, found to be rich in sulfur,
were oberved to accumulate with age in some lucinid species (Taylor &
Glover, 2021).

Lucinid symbionts of the genus Candidatus Thiodiazotropha have
been found to be associated with seagrass roots (Martin et al., 2020;
Zauner et al., 2022). Different lucinid species have the same symbiont
species (Fig. 3.4 and Table 3.1) (Osvatic et al., 2021). Also, different
symbiont species were observed to coexist in gill epithelial cells; but not
inside the same bacteriocytes (Fig. 3.3) (Osvatic et al., 2021). Lucinid
symbionts species share metabolic pathways for sulfur-oxidation, nitro-
gen and inorganic carbon fixation. But there are differences between
them such as their Rubisco forms (I or II), the abilities to fix C-1 organic
compounds (e.g., methanol with methanol dehydrogenase), to use ni-
trate as an electron acceptor instead of oxygen for respiration and to hy-
drolyze urea to ammonia (Table. 3.1) (Osvatic et al., 2021; Osvatic et al.,
2023). Symbionts of the genus Ca. Thiodiazotropha from clams below
50 m depth did not have the core functional genes for nitrogen fixation
therefore this capability seems to be restricted to shallow-water lucinid
(Osvatic et al., 2023). Deep-sea lucinid species hosted sulfur-oxidizing
bacteria from the order Thiohalomondales which were close phyloge-
netically to symbionts of hydrothermal vent gastropods (Osvatic et al.,
2023).

Larvae of Lucinidae are aposymbiotics (i.e., acquire symbionts from
their environment) (Fig. 3.5) (Gros et al., 2012; Zauner et al., 2022).

3.2 About Loripes orbiculatus (Poli, 1795)

3.2.1 Description of Loripes orbiculatus

Loripes (Poli, 1791) genus is composed of small white-shelled species,
with an obliquely inserted internal ligament (externally visible) and ex-
ternal growth increments. L. orbiculatus is the accepted name for Loripes
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Figure 3.4: Geographic of lucinid symbiont species. The genus Ca. Thiodia-
zotropha reveals both localized (Mediterranean and Caribbean) and globally
distributed symbiont groups. Shapes represent host species and colors repre-
sent symbiont species. Ca. T. taylori (pink) was found in association with eight
lucinid species across the globe. Ca. T. sp. 'RUGA’ (teal) is the endosymbiont
of a R. munda specimen from Tin Can Bay, Queensland, Australia. Ca. T. en-
dolucinida (green) is distributed throughout the Caribbean and also associates
with multiple host species. Ca. T. endoloripes, previously described as a sin-
gle species by Petersen et al. (15), is in fact two closely related species (Ca. T.
weberae in orange and Ca. T. lotti in purple), so far found exclusively within
L. orbiculatus in the Mediterranean. (Figure from Osvatic et al., 2021).

Figure 3.5: Lucinid Loripes orbiculatus life cycle. (Figure from Zauner et al.,
2022).
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Table 3.1: Predicted major metabolic functions annotated in the metagenome

assembled genomes (MAGs, i.e.

microbial genomes reconstructed from

metagenome data) of Loripes orbiculatus symbionts Ca. T. taylori, Ca. T. we-
berae, Ca. T. lotti. (Table from Osvatic et al., 2021).

Feature

Ca. T. taylori

Ca. T. weberae

Ca. T. lotti

Carbon metabolism

CBB cycle, form I (RuBisCO)
CBB cycle, form II (RuBisCO)
Methylotrophy pathway*

+

+

+

+

Nitrogen metabolism
Diazotrophy, nitrogenase
Respiratory nitrate reductase
Copper-containing nitrite re-
ductase (NO-forming)
Nitric-oxide reductase
Nitrous-oxide reductase
Periplasmic nitrate reductase
Nitrite reductase NADPH
subunit

Urease

Ammonia assimilation

+ + + +

+ +

+ 4+ 4+

+ +

+ + 4+ + o+

+

Sulfur metabolism
Sqr

Truncated SOX

DSR

DsrMKJOP complex
APR

FCC

+ + 4+ + + +

+ o+ o+ o+ o+

+ + 4+ + + +
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lacteus (Linnaeus, 1758 sensu Poli, 1791) and Loripes lucinalis (Lamarck,
1818) (junior name) found in the literature which are no longer con-
sidered as valid names (“WoRMS - World Register of Marine Species -
Loripes Lacteus (Linnaeus, 1758) Sensu Poli, 1791”, 2024; “WoRMS -
World Register of Marine Species - Loripes Lucinalis (Lamarck, 1818)”,
2024). L. orbiculatus length is up to 30 mm, with thin and almost circu-
lar shell (Cosel & Gofas, 2019; Taylor & Glover, 2021).

3.2.2 Distribution and ecology of Loripes orbiculatus

L. orbiculatus is a common shallow-water species in the temperate area
in Europe. The species lives in the Irish Sea, in the Southwest coast of
Ireland and England, western part of the Channel, southward to Mauri-
tania, in Madeira, Canary Islands, in the Mediterranean Sea and in the
Black Sea (Cosel & Gofas, 2019; Taylor & Glover, 2021). L. orbiculatus
can be found in muddy and fine sand, also in muddy gravel, from the
infralittoral zone to about 150 m depth in sub-tidal area, and in/near
seagrass meadows (Cosel & Gofas, 2019; Taylor & Glover, 2021). L. or-
biculatus usually burrows within 3 to 4 cm below the surface (max 10
cm) in Banc d’Arguin, Mauritania (Gils et al., 2016; van Gils et al., 2012).
L. orbiculatus associates with various seagrasses, at their roots or close
to them, such as Zostera marina and Z. noltii (in the Thau Lagoon, Mediter-
ranean, France), Posidonia oceanica (Elba Island, Italy) and Cymodocea
nodosa (Alfacs bay, Mediterranean, Spain and Upper Corsica lagoon)
(Cardini et al., 2019; de Fouw et al., 2023; Johnson et al., 2002; Roques
et al., 2020; Sanmarti Boixeda, 2020) (non exhaustiv list). The sulfur-
oxidizing symbionts of lucinids detoxify the sediments and this creates
a mutualistic relationship between the lucinid, its symbionts and sea-
grasses. This mutualism helps the seagrasses to mitigate sediment sul-
fide stress and favor their growth (de Fouw et al., 2023; Sanmarti et
al., 2018; van der Geest et al., 2020). In the Thau lagoon in France, a
positive correlation between Z. noltii seagrass biomass and L. orbicula-
tus density has been observed. Z. noltii leaves sulfide concentration was

significantly reduced with higher densities of L. orbiculatus, thus reduc-
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ing Z. noltii sulfide stress (van der Geest et al., 2020).

A model was developed to predict L. orbiculatus distribution based
on seagrass biomass of Z. noltii and Z. marina, temperature and mud
content. This model was quite accurate as 86% of predictions were
aligned with data. L. orbiculatus presence was indeed found significantly
correlated with low mud content, presence of Zostera meadows and an
annual temperature above 1°C (no L. orbiculatus were found in seagrass

meadows with temperature below 1°C) (de Fouw et al., 2023).

In the Banc d’Arguin, Mauritania, interactions between L. orbicula-
tus, seagrasses of Z. noltii and the molluscivore shorebird Calidris canu-
tus canutus (red knot), have been studied for more than ten years. Red
knots feed on two bivalve species, L. orbiculatus which is abundant and
Dosinia isocardia which is less abundant, with a preference for D. isocar-
dia (van Gils et al., 2012; van Gils et al., 2013). Sulfur content in L. or-
biculatus specimens was believed to limit the predation of C. c. canutus
on them (Oortwijn et al., 2022). L. orbiculatus was observed to be a toxic
prey for red knots, provoking diarrhea because of the presence of the
sulfide-oxidizing bacteria within its gills (Gils et al., 2016). However
L. orbiculatus was still observed to consitute an important part of red
knots diet, as they rely on L. orbiculatus as food source when other preys
are not abundant enough (van Gils et al., 2013). C. c. canutus specimens
were exposed to three diets: L. orbiculatus from a seagrass bed, L. orbic-
ulatus from a mud flat, and sulfide-starved L. orbiculatus that had the
lowest sulfur content (Oortwijn et al., 2022). L. orbiculatus from the
seagrass bed had a higher sulfur content than the ones from mud flat.
Intake rate was observed higher for birds fed on L. orbiculatus with the

lowest sulfide content (Oortwijn et al., 2022).

In Roscoff, France, L. orbiculatus lives in sympatry with two other lu-
cinid species, Lucinoma borealis and Lucinella divaricata, near Z. marina
seagrass bed (Ann Andersen personal communication). L. divaricata is
present in a relative low density compared to the two other species (Ann
Andersen personal communication). L. orbiculatus and L. divaricata be-
long both to the Lucininae sub-family, while L. borealis belongs to the
Codakiinae sub-family (Taylor & Glover, 2021). L. borealis and L. divar-
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icata are close phylogenetically based on the 18S ribosomal RNA, 28S
ribosomal RNA and cytochrome b sequences (Taylor & Glover, 2021).

L. orbiculatus density in Roscoff around the seagrass beds was ob-
served to be lower than in Banc d’Arguin, Mauritania (i.e., 340-780 indi-
viduals m~2) (Ann Andersen personal communication). Zostera seagrass
beds in Roscoff are protected and it is forbidden to dig inside, where
density of lucinid species might be higher. In the Thau Lagoon, larger
L. orbiculatus were located inside the seagrass beds while smaller spec-
imens were found at the edge (Rossi et al., 2013). There, L. orbiculatus
density of about 3395 + 195 individuals m~2 was stable from May to
October in Z. noltii meadow, even with important temperature changes
(4 °C to 26 °C). In the Mediterranean Alfacs bay, Spain, L. orbiculatus
density in Cymodocea nodosa meadows was 889 + 225 specimens m~2 in
seagrasses while in bare sediments it was 172 + 80 specimens m~2 (San-
marti Boixeda, 2020). In Corsica, mean density of L. orbiculatus was 775
individuals m~2, ranging from 242 to 2666 individuals m~2 (Johnson et

al., 2002).

3.2.3 Loripes orbiculatus symbionts

L. orbiculatus gills weight represented about 32.5-35% of the total body
wet weight (Johnson et al., 1994; Johnson et al., 2002). Gill bacterial den-
sity was estimated to 2 x 10'? bacteria per gram of gill tissue (Johnson et
al., 1994). Bacteriocytes containing gamma - Proteobacteria, mucocytes
and intercalary cells were observed in L. orbiculatus gills (Herry et al.,
1989; Pales Espinosa et al., 2013; Roques et al., 2020). L. orbiculatus gill
tissues were composed mainly of bacteriocytes, from 40 to 70%, 56.4%
in average in L. orbiculatus from the Thau Lagoon (Mediterranean Sea)
(Roques et al., 2020). At the apical part of the bacteriocytes, symbiont
size varied from 0.5 to 3 um were observed whereas larger bacteria, size
up to 5 pm, were more electron-dense and situated at the basal part of
bacteriocytes (Johnson & Fernandez, 2001). Symbionts are about 55% of
the gill cross-sectional surface area in L. orbiculatus from Brittany (West
of France, Atlantic Ocean) (Johnson & Fernandez, 2001). A single bac-
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teriocyte was observed to contain many vacuoles with one symbiont per
vacuole (Pales Espinosa et al., 2013). Initially, the presence of the Ru-
bisco in bacteriocytes with Rubisco antibodies was an evidence demon-
strating that L. orbiculatus symbionts were able to fix carbon through
the Calvin-Benson cycle (Dreier et al., 2012; Herry et al., 1989). The
presence of APS-reductase enzyme only in gills highlighted the sulfur-
oxidation metabolism of symbionts (Dreier et al., 2012; Herry et al.,
1989). Glutamine synthetase enzyme of nitrogen assimilation pathway
was also detected (Dreier et al., 2012).

L. orbiculatus symbiont species belong to the genera Canditatus Thio-
diazotropha (C. T.). Canditatus Thiodiazotropha nomenclature is not
validly published and is taxonomicaly preferred genera name. In “Thio-
diazotropha”, “thio” and “diazotoph” are references to L. orbiculatus sym-
bionts” metabolism (sulfur-oxidizing and nitrogen-fixing) (Oren et al.,
2020; Petersen et al., 2016). In Elba island, Italy, L. orbiculatus sym-
biont carbon fixation varied seasonally; it was observed roughly 10-fold
higher in October than in April, increasing its C:N ratio (Cardini et al.,
2019).

Phylogenomics, fluorescence hybridization in-situ and q-PCR iden-
tified two symbiont phylotypes, named Clone 1 - Roscoff and Clone 2 -
Roscoff, inside L. orbiculatus gills from Roscoff, France (Pales Espinosa
etal., 2013). Clone-1 density was significantly higher than Clone-2 den-
sity and both phylotypes were found significantly in higher density in
gills compared to the mantle and the gonad (Pales Espinosa et al., 2013).
Clone-1 density in gills and Clone-2 density in the mantle were closed
(Pales Espinosa et al., 2013). Clone 1-Roscoff matched with 91% of
already sequenced L. orbiculatus’ symbiont genomes from Croatia and
other lucinid species, while the second phylotype matched with free
living-bacteria found also in marine sediments (Pales Espinosa et al.,
2013). Recently, two symbiont species Candidatus Thiodiazotropha we-
berae and C. T. lotti were identified in L. orbiculatus, and were both pre-
viously confounded as a single species C. T. endoloripes (Osvatic et al.,
2021; Petersen et al., 2016). The symbiont species C. T. taylori was found

in seven lucinid species other than L. orbiculatus from different lucinid
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sub-family (Lucininae, Leucosphaerinae, and Codakiinae) (Fig. 3.4) (Os-
vatic et al., 2021). C. T. lotti and C. T. weberae were found in L. orbicula-
tus specimens from Atlantic and mediterranean European coasts while
C. T. taylori in specimens from Mauritania (Fig. 3.4) (Osvatic et al., 2021;
Zauner et al., 2022). The advanced explanations that was put forward
was that C. T. taylori was not adapted to European coast temperate tem-
perature compared to C. T. lotti and C. T. weberae (Osvatic et al., 2021).
In the Banc d’Arguin, Mauritania, Ca. Thiadiazotropha was detected in

the sediment and in the seagrass roots (Zauner et al., 2022).

It has recently been shown through molecular biology that L. orbicu-
latus symbionts were capable of fixing nitrogen in addition to oxidizing
sulfide (Petersen et al., 2016). Based on genomics, L. orbiculatus sym-
bionts of the genus Ca. Thiodiazotropha were found to be able to use
oxygen, oxidized nitrogenous compounds (nitrate and nitrite) and hy-
drogen as terminal electron acceptors (metabolic pathway Chapter 1,
Fig. 1.8), and to oxidize reduced sulfur compounds to sulfate through
various pathways to fix inorganic carbon via the Calvin—-Benson-Bassham
(CBB) cycle with RuBisCO form I to generate organic carbon (metabolic
pathway in Chapter 1, Figs. 1.6a and 1.7) (Table. 3.1) (Osvatic et al.,
2021; Petersen et al., 2016). Ca. T. taylori is also able to use methanol as
a source of energy with an xox-type methanol dehydrogenase and fix or-
ganic Cl-carbon via the serine pathway (metabolic pathway in Chapter
1, Fig. 1.6b) (Osvatic et al., 2021; Petersen et al., 2016). All L. orbiculatus
symbionts were also capable of assimilating nitrogen gas and ammonia
(Osvatic et al., 2021). Urea produced by the host may be used by sym-
bionts which genome encoded urease that uptake and convert urea to
ammonia (Table. 3.1) (Osvatic et al., 2021; Petersen et al., 2016). Al-
thought N-waste form(s) of L. orbiculatus are not known, it has been
suggested that L. orbiculatus might use DUR-3 urea transporter, found
expressed in its gills, to provide its symbionts with urea (Osvatic et al.,
2021; Yuen et al., 2019). Elemental sulfur (S°) granules were observed
inside host cells, produced by the symbionts. (Johnson & Fernandez,
2001; Pales Espinosa et al., 2013).

Both the feeding of L. orbiculatus with microalgae and the starvation
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of L. orbiculatus in the laboratory caused a loss of symbionts, observed
by fluorescence in-situ hybridization (FISH) and quantitative Real-Time
polymerase chain reaction (QPCR) analyses. The decrease stabilized af-
ter five weeks of experiment (Pales Espinosa et al., 2013). An attempt of
re-aquisition of symbionts after a symbiont loss of starved L. orbiculatus
was attempted but unsuccessful (Pales Espinosa et al., 2013).

Symbionts were absent from L. orbiculatus male gametes (Johnson et
al., 1996b) and also Ca. Thiodiazotropha was not detected in reproduc-
tive gelatinous egg masses (Fig. 3.5) (Zauner et al., 2022). As in other
lucinid species, symbionts are acquired from lateral transmission (from
the environment) (Fig. 3.5) (Zauner et al., 2022).

3.2.4 Loripes orbiculatus mixotrophy

Labial palps (thought to be use for suspension-feeding in mollusk) and
digestive gland are reduced in L. orbiculatus (Le Pennec et al., 1995).
Nevertheless, particulate organic matter was found in its intestine indi-
cating that L. orbiculatus feed on it (Le Pennec et al., 1995).

The 6'3C (%o) signature of a sample is the variation of the stable
isotopes ratio '3C/!2C of a sample relatively to the *C/!2C ratio of a
reference (Eq. 3.1). Isotopes have the same number of protons, but a
different number of neutrons. For example, 513C has one more neutron
than !2C and because of that it is heavier. A “stable” isotope means non-
radioactive. The 6!°N (%o) signature is determined similarly as the $!3C
(Eq. 3.2).

[ 13C/12C ;

5'3C =1000 e (3.1)
_13C/12Creference
[ 15N/14N

55N = 1000 gt (3.2)
| N/ Nreference

The standard reference for 5'3C is the signature of a Cretaceous belem-
nite sample from the PeeDee (PDB) rock formation in South Carolina,
USA (13C/'Cppg = 0.0112372). For 6'°N, the standard reference is at-
mosphere (atm) signature ('>N/!*N,,,, = 0.0036765) (He et al., 2009;
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Mariotti, 1983).

Consumers (i.e., not primary producers) fix heavier isotopes and re-
lease lighter ones resulting in an enrichment of !3C and 6'°N (%) (Ca-
bana & Rasmussen, 1996). This shift of signatures between food source
and consumers is called fractionation (A'3C for carbon and A8'°N for
nitrogen) (Zanden & Rasmussen, 2001). As an example, A6'°N between
a consumer and its organic carbon food source is assumed to be about
3.4%o0 (Aberle & Malzahn, 2007; Zanden & Rasmussen, 2001). Trophic
interactions between organisms can thus be inferred from their respec-
tive isotopic signatures. A rather close isotopic signature to a certain
food source indicates the importance of this food source in the con-
sumer diet (Zanden & Rasmussen, 2001). Primary producers usually
have varying isotopic signatures and lighter compared to their inorganic
carbon and nitrogen source because of their enzymes (e.g., ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) I and II, nitrogenase)
preference for the lighter isotope (Petersen et al., 2016; Robinson & Ca-
vanaugh, 1995). Nitrogen-fixing bacteria have a !°N between -2 and
0%o (Petersen et al., 2016). Organic carbon generated by chemosyn-
thesis have lower 6!°C and 6!°N signatures than carbon generated by
photosynthesis. Therefore, symbiotrophic bivalves have also lower sig-

natures.

L. orbiculatus from many locations presented a depleted 6'3C signa-
ture compared to symbionts-free bivalves, corresponding to a carbon
source of chemoautotrophic origin (Table. 3.2). Isotopic 6'3C signature
of planktotrophic bivalves in Brest, France, ranged from -18.1 to -20.1%o
(Johnson et al., 1994). Suspended particulate organic matter from the
water column in the Banc d’Arguin, Mauritania, had a o13¢C signature of
-18.7 + 1.2%o, which is of the same order that planktotrophic bivalves
(Geest et al., 2014). In the Banc d’Arguin, bacterial pellets were made
from L. orbiculatus gills by centrifuging the gills to remove animal cells.
They had a mean signature of -27.2 + 0.2%o, which is more depleted
than the signature of suspended particulate organic matter (Geest et al.,
2014). In another study in the Banc D’Arguin, L. orbiculatus individuals

presented a mean 6'3C values of -23.4 + 1.8%so, significantly lower than
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other co-occuring symbiont-free bivalve species (Petersen et al., 2016).
In Elba, Italy, L. orbiculatus had a o613C signature of -25.9 + 1.6%o (Pe-
tersen et al., 2016). In Brest, France, mean S13C was -29.7 + 0.5%o for
L. orbiculatus gills and -27.1 + 0.5%o for its foot (Johnson et al., 1994).
613C and 6'°N values were also found to be similar to those of L. orbicu-
latus symbiotic bacteria in L. orbiculatus from the Thau lagoon (between
-30 and -28 %o for 6'3C and between -4 and 2 %o for 5'°N.) (Rossi et al.,
2013). L. orbiculatus specimens from Mediterranean (Italia) !3C signa-
tures were also depleted, from -27.8 et -24.4 %o. (Dreier et al., 2012).
S'°N signature of L. orbiculatus in the Banc d’Arguin was about -0.5%o
and about -1.1%o in Elba which correspond to signatures of nitrogen
fixing bacteria (Petersen et al., 2016).

L. orbiculatus isotopic signatures differ at a large scale (regional) but
also at a smaller scale. L. orbiculatus from the edge of seagrass beds and
from the middle of seagrass beds had different nutritional behaviour,
as shown by isotopic signatures (6'3C and 6'°N) (Table. 3.2) (Rossi et
al., 2013). Small lucines at the edge of seagrass beds assimilated less
bacterial carbon and nitrogen than in the inner part of the seagrass beds
(Rossi et al., 2013).

L. orbiculatus 5'3C signature varied greatly seasonally (Table 3.2). In
Roscoff (western english channel), L. orbiculatus had depleted 6!°N and
513C isotopic signatures: -1.6 + 0.1 %o and -26.8 + 0.2 %o in February,
respectively, and 0.8 + 0.1 %o and -26.0 + 0.1 %o in August, respectively.

To summarize, 5'3C signatures of L. orbiculatus fluctuated in func-
tion of L. orbiculatus locations, of seasons and of L. orbiculatus shell sizes
(i.e., age) (Table. 3.2).

Endosymbiont lysis was observed as the degeneration and fusion of
vacuoles containing symbionts, resulting in electron-dense inclusions
and large granular bodies in basal part of L. orbiculatus gills (Johnson &
Fernandez, 2001; Pales Espinosa et al., 2013). In Brest, France, digestion
of endosymbionts varied seasonally, with lower gill weight observed in
March compared to September, October and January, corresponding to
the period of gamete development in L. orbiculatus (Johnson & Fernan-

dez, 2001). Heterotrophic contribution from filter-feeding in L. orbicu-



Table 3.2: Loripes orbiculatus 513C mean isotopic signatures (%o). Abbreviations. Tissue: F, foot; NG; non-gills; W, whole; G, gills.
Loc., location: EA, Estearn Atlantic; MS, Mediterranean Sea; WEC, Western English Channel; SEA, South-Eastern Atlantic. Habitat: Z.n.,
Zostera noltii seagrass bed; iNz, in Nanozostera noltei seagrass bed; iNz, edge of Nanozostera noltei seagrass bed; oP.o., oustide Posidonia
oceanica seagrass bed (4-10 m away); Z.n., Zostera noltii. Size class: I, < 3 mm; II, >3 and <10 mm; III, > 10 mm. Others: x, no data; *, data
retrieved from figures using WebPlotDigitizer (apps.automeris.io/wpd/). References: (Carlier et al., 2009; Geest et al., 2014; Johnson et al.,
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1994; Petersen et al., 2016; Rossi et al., 2013)

MM F F NG NG F F F F F F 4 ' w w w G G

Loc. EA EA MS MS MS MS MS MS MS MS MS MS WEC WEC SEA EA MS
B B BA BA TL TL TL TL TL TL E SLL R R BA B BA

Year 1991 1992 2009 2010 2010 2010 2010 2010 2010 2010 | 2015 2005 2008 2008 2008 | 1991-92 2009

Habi- X X Z.n. Z.n. iN.z. iN.z. iN.z. eN.z. eN.z. eN.z. ol.o. X Z.m. Z.n. Z.n. X Z.n.

tat

am_wwm x x x x I I 111 I i 111 x x x x x x x

An- 27.1 23.7 297 247

nual

Jan 27.8* -23.8*

Feb 27.6* 24.2% 284 -26.8

Mar -27.3* -24.4%

Apr -28.6% -24.0%

May -27.8* -24.0% 234

Jun -26.5% -24.4%

Jul 26.5* 223.5%  -25.7%  -25.4%  -25.8%  24.6%  -25.0  -25.7* -28.0

Aug -26.4% -23.4% 276 -26.0

Sept | -26.8% -26,1* -22.9%

Oct | -27.2* 23.4% -22.9% -25.9

Nov | -27.1% 24.1%  -23.3%

Dec | -27.0% 223.6%  -23.3*
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latus was also estimated to vary seasonally, being about estimated 21%
in March to 39% in September in Banc d’Arguin (Mauritania) (Geest et
al., 2014). L. orbiculatus mixotrophy fluctuated seasonally (Cardini et
al., 2019; Geest et al., 2014). About 63% of L. orbiculatus carbon was
estimated to come from its sulfur-oxidizing symbionts in Brest, France
(Johnson et al., 1994).

Transcriptomic analysis of L. orbiculatus organs suggested that L. or-
biculatus “farming” may not play a big role in its nutrition, and that
“milking” could be its main source of symbiotic nutrients (Yuen et al.,
2019). L. orbiculatus may digest symbionts in the case of sulfide shortage
(Yuen et al., 2019). Tissues autoradiography of L. orbiculatus specimens
exposed to labeled carbon (1C) reavealed that carbon was fixed mainly
in the bacteriocytes near the ciliary zones within the gills (Herry et al.,
1989). A low concentration was detected in gill filament central part
(Herry et al., 1989). Intermediate cells within gill filaments were also
highly marked even if there were no symbionts in these cells. Labelled

carbon was also detected in the host mantle and foot (Herry et al., 1989).

3.2.5 Reproduction of Loripes

L. orbiculatus is a gonochoric species, each individual being either male
or female (Johnson & Pennec, 1994; Johnson et al., 1996b). L. orbicula-
tus in the Banc d’Arguin, Mauritania (East-Atlantic) and in the Bay of
Brest, France (East-Atlantic) presented a semi-annual gametogenic cy-
cle. In Brest, L. orbiculatus spawned from May to June, and are thought
to also spawn between November and December. In Mauritania, there
was a spawning event between January and February, and between July
and August (Geest et al., 2014). Only one reproductive period dur-
ing late spring/early summer was observed in the Thau Lagoon, France
(Mediterranean Sea) (Roques et al., 2020). In Roscoff (France, Western
english channel) May was a breeding period for L. orbiculatus specimens.
Collected specimens during this thesis spawned spontaneously in the
laboratory overnight. L. orbiculatus was observed to release gelatinous

egg masses of about 3 to 4 cm in diameter in Mauritania (Zauner et al.,
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2022). The gelatinous mass contained individuals in early larval devel-
opment stage of L. orbiculatus, such as trochophore and veliger larvae
(Fig. 3.5) (Zauner et al., 2022). Gelatinous masses that may be from
L. orbiculatus, were also observed in the Roscoff seegrass beds (Ann An-
dersen personal communication).

Along a year, the wet weight of the visceral mass (complex formed
by the gonad and the digestive gland) varied between 12 and 61.2 mg
(Johnson et al., 1996a). The highest wet weight of the visceral mass was
measured the months before the spawning event, in October, November
and April (Johnson et al., 1996a). After the spawning event, L. orbicula-
tus total wet weight was approximately 50% lower than before (Johnson
et al., 1996a).

Gill mucocytes (i.e., cells that secrete mucus) were found in low but
highly variable proportions between individuals (7.6% in average) (Roques
et al., 2020). A negative correlation between gill bacteriocytes and mu-
cocytes was observed (Roques et al., 2020). Mucocytes present inside gill
cells may help the host to increase heterotrophic nutrition during the re-
productive period or/and may be related to host immunity (Roques et
al., 2020).

3.3 A DEB model for Loripes orbiculatus

3.3.1 Biological cycle vs. DEB cycle

The life cycle of L. orbiculatus is similar to other bivalve life cycle (Fig. 3.6).
The main differences between the deep-sea species Christineconcha regab
and L. orbiculatus are in their way to feed and the way they acquire their
symbionts (see Chapter 2). L. orbiculatus is mixotroph, feeding on both
its symbionts and particulate organic matter (POM). The start of feed-
ing, called the birth event in DEB, is not related explicitly to an event or
stage of the biological cycle (Fig. 3.6). L. orbiculatus facultative plank-
totroph larva obtain the ability to feed at the umbo-veliger larva stage
but might start to feed later. The larva relies first on its maternal reserve

(lecithotroph) and start feeding when needed (planktotroph) (Fig. 3.6).
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Lucinid acquire their symbionts from their environment once they set-
tled (Fig. 3.6) (Zauner et al., 2022).

3.3.2 DEB modeling scheme of Loripes orbiculatus

For the host bivalve, the standard macrochemical equation have to be
modified by adding an additional food source. L. orbiculatus is a mixotrophic
bivalve and two food sources should be modeled, particulate organic
mater and symbiotic food sources.

Main metabolic pathways encoded in L. orbiculatus symbiont Ca. Thio-
diazotropha were described previously in this Chapter 3. Nitrogen fix-
ation by the symbionts have to be implemented in the symbiont macro-
chemical equation. An additional symbiont reserve for sulfur composed
of elemental sulfur (S°) should be added to model granules stored as
elemental sulfur in L. orbiculatus by its symbionts. Symbionts may pro-
duced their granules when they have enough sulfur and may use them
in case of sulfide shortage. Chemical molecules input and output are
represented in Fig. 3.7a. A prelliminary modeling scheme for lucines
has been thought out taking into account the use of a sulfur reserve
(Fig. 3.7b).

3.4 Zero and univariate data for Loripes orbic-
ulatus DEB model

3.4.1 List of required data

Data (zerovariate and univariate) are needed to calibrate L. orbiculatus
DEB model. In order to acquire the necessary data, sampling and ex-
periments have to be carried out. Non exhaustive classical data of DEB
models are listed in Tables 3.4 and 3.3 for zerovariate data and uni-
variate respectively. Additional data necessary to model the additional
sulfur reserve, farming and milking strategy and mixotrophy of L. orbic-
ulatus are listed in Tables 3.5 and 3.6.
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Figure 3.7: (a), Loripes orbiculatus and its thiotrophic symbionts chemical el-
ement fluxes for dynamic energy budget model; (b), Conceptual modeling
scheme of Loripes orbiculatus dynamic energy budget model. Compared to
Christinaconcha regab abj-farming modeling scheme in Chapter 2 (Fig. 2.1),
another food source for particulate organic matter (X;) and an additional in-
gestion flux (pxp;) have been added for the host; a sulfur reserve (Es;) with
corresponding storing and mobilizing fluxes (pgs and p4, respectively) have
been added for the symbionts. Arrow, energy flux; Square, state variable. For
details on state variables and fluxes units and notations, refer to Chapter 2.
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Table 3.3: Classic univariate data for an abj Dynamic Energy Budget (DEB)
model, intended for Loripes orbiculatus DEB model. For L. orbiculatus, shell
height is prefered to shell length as its valves are almost circular.

Notation Description Unit
H-dH Height, Change in height cm, cm
t-H Time, Height d, cm
Height-Ww Height, Wet weight cm, g
Height-Wd Height, Dry weight cm, g
Height-WwR Height, Gonad wet weight l, g
Height-R Height, Reproduction rate l, g
Height-GSI ~ Height, Gonado somatic index 1, %
Ww-R Wet weight, Reproduction rate g, #/d
Ww-JO Wet weight, O, consumption g, mol/d
Ww-JC Wet weight, CO, production g, mol/d
Ww-JN Wet weight, NH; production g, mol/d
Wd-Ww Dry weight, wet weight g g
Wd-Wa Dry weight, ash free dry weight g g
Wd-JO Dry weight, O, consumption mol/d
Wd-JC Dry weight, CO, production g, mol/d
Wd-JN Dry weight, NH, production g, mol/d

3.4.2 Acquisition methods of required data

Biometry

Univariate data (Table. 3.3) such as H-Ww (height - wet weight), H-Wd
(height - dry weight), Wd-Ww (dry weight - wet weight), Wd-Wa (dry
weight - ash-free dry weight) are determined by measuring shell height,
with a caliper, and by weigting wet, dry, and ash-free bivalve soft body
(removed from its shell). For H-R (height - reproduction rate) and Ww-R
(wet weight - reproduction rate) (Fig. 3.3), the weight of the fresh gonad
have to be weighted. The wet weight is the fresh, non-dried weight of
the total biomass. Dry weight is the dry weight of the total biomass.
Ash free dry weight is the dry weight minus the weight of ashes. The t-
H (time - height) (Fig. 3.3) growth can be determined by measurements
of cohort shell lengths at given sites at different times of the year or by

laboratory experiments.
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Table 3.4: Classic zerovariate data for an abj Dynamic Energy Budget (DEB)
model, intented for Loripes orbiculatus DEB model.

Notation Description Unit
ay Age at birth d
aj Age at metamorphosis d
ap Age at puberty d
ay, Age at death (life span) d
Hj, Height at hatching cm
H, Height at birth cm
H; Height at metamorphosis cm
H, Height at puberty cm
H; Ultimate height cm

Wuwy, Wet weight at hatching g
Wuw, Wet weight at birth g
Wuw; Wet weight at metamorphosis g
Ww, Wet weight at puberty g
Ww; Ultimate wet weight g
wd, Dry weight at hatching g
Wd, Dry weight at birth g
Wd; Dry weight at metamorphosis g
Wd, Dry weight at puberty g
Wwd,; Ultimate dry weight g
R; Maximum reproduction rate #d~!
Fm Maximum filtering rate cm?s!

Table 3.5: Novel intended zerovariate data for Loripes orbiculatus Dynamic En-
ergy Budget (DEB) model.

Notation Description Unit
SO40ovH2S Yield SO4/H2S mol/mol
O20vH2S Yield 02/H2S mol/mol
NH4ovH2S Yield NH4/H2S mol/mol
BiomovH2S Yield Biomass/H2S mol/mol
YSBs molH2S/C-mol biomass mol/C-mol
Symbf-Wd Symbiont contribution to host diet %
CFarm or Cmilk  Host C from farming or milking %

Table 3.6: Additional univariate data for Loripes orbiculatus Dynamic Energy

Budget model.

Data Label Description Data Unit
vbg-Wdg  Volume bacteria in gills, dry weight gills -8
JS-Wd Sulfur consumption, tissues dry weight mol/day, g
S-wd Gill sulfur content, tissues dry weight %S, g
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Scanning Electron Microscopy (SEM)

Using SEM on the shell, Prodissoconch I (P1) and Prodissoconch II (P2)
can be observed. P1 is the shell secreted by the shell gland of the bivalve
larva using its yolk reserve and P2 is the shell secreted by the mantle of
the larva feeding from plankton in the water column before its settle-
ment (Taylor & Glover, 2021). P1 and P2 have already being observed
for various lucinid species, showing a wide spectrum of P1 and P2 sizes
in lucinid, with deeper lucinid generally whitout visible P2 (Taylor &
Glover, 2021). The DEB birth event L, (size of the organism when it
starts feeding in its environment; i.e. planktotrophy) and L; (size of the
organism at metamorphosis when the larva settle) can be estimated as
the size of P1) and as the size of P1 plus the size of P2 respectively (Ta-
ble. 3.4).

Histology

Length at hatching L; (Table. 3.4) can be estimated by the maximum
size of the oocytes observed by histology of the female gonad coupled
with microscopic observation. The maximum reproduction rate Ri (Ta-
ble. 3.4) is estimated from the number of oocytes in the gonads of the
largest mature individuals, of the maximum size L;. The size, wet weight
and dry weight of the smallest observed mature individual (i.e., with ga-
metes) gives the size L,, wet weight Ww,, and dry weight Wd,, of first
sexual maturity. Length-reproduction rate L-R and wet/dry weights-
reproduction rate can also be determined for sets of organisms, and also
Length-Gonadosomatic index (GSI, Eq. 3.3) (Table. 3.4).

gonadweight

GSI = 100 (3.3)

totaltissueweight

Spawning induction, reproduction and rearing experiments

In the laboratory, gamete release (oocytes and spermatozoa) can be in-
duced by triggering mature specimens with a thermal shock (e.g., us-
ing ice), osmotic shock (e.g., with potassium chloride KCl), using neu-

rotransmitters (e.g., serotonin) or by mechanical shock (e.g., shaken).
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Spawning induction experiments, followed by fertilization and rearing
experiments, of tropical symbiotic lucines Codakia orbicularis and Luci-
noma aequizonata have been done to study their embryonic, larval and
post-larval development; but also to study the way they acquire their
symbionts (Gros et al., 1996; Gros et al., 1999; Gros et al., 1997). The
injection of 0.3 ml of 4 mM serotonin into the visceral mass of Codakia
orbicularis, and of 0.2 ml of 4 mM serotonin into the posterior adductor
muscle of Lucinoma aequizonata induced spawning. Similar spawning
experiments have also been done on species from other bivalve families
such as Mytilidae (symbiotic deep-sea mussel Bathymodiolus childressi
and Veneridae (non-symbiotic tropical Anomalocardia brasiliana) (Arel-
lano & Young, 2009; Mouéza et al., 1999). Various stimuli were tested on
Anomalocardia brasiliana (temperature fluctuations, osmotic stress and
serotonin). For this species, gametes were most often obtained through
spontaneous spawning after an intensive diet up to 3,000 algal cells L.
Injection of 0.4-0.5 mL of 2 mmoll~! serotonin in the anterior abduc-
tor of the deep-sea mussel Bathymodiolus childressi successfully induced
spawning. Serotonin injection seems to the most suitable way to induce
spawning in L. orbiculatus. However, it is possible that the two species
do not release gametes when exposed to serotonin as for Linga pensyl-
vanica and Lucina pectinata during their entire breeding period (Gros et
al., 1999). Spawning is induced before removing the tissues from the
shell. Data on age at birth (a;), age at metamorphosis (a;) and age at pu-
berty (a,) can be estimated from reproduction and rearing experiments.
Reproduction rate can be estimated by counting the number of spawned
oocytes, for a range of individual sizes and weights to obtain H-R (height
- reproduction rate) and Ww-R (wet weight - reproduction rate). Ri can
also be estimated by the maximum number of oocytes of the largest ma-
ture individuals of maximum size (L;), instead of counting oocytes with

gonad histology.

FISH (Fluorescence In Situ Hybridization)

RNA-probes binded with a fluorochrom targeting specific RNA sequences

of sulfur-oxidizing symbionts in gills can be used to quantify the volume
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of these bacteria present in the gills (Duperron, 2015). FISH was used
in the literature on L. orbiculatus gills to study the different symbionts
spatial distribution (Osvatic et al., 2021). One of the gill is dried and
weighed to obtain its dry weight and the other one is processed for FISH
to determine the volume of symbionts within the gill. The volume of
bacteria within the gill related to the dry weight of the other gill will
be used in the parametrization the DEB model as vbg-Wdg data, as in
C. regab abj-farming model in Chapter 2 (Table. 3.6).

Chemical element fluxes measurements

The fluxes of O,, CO, and H,S can be measured in small individual and
hermetic aquaria using suitable probes such as microsensors (Unisense,
Itd). NH, can be measured by titration and using fluorimetry (SOM-
LIT protocol). These measurements can be done at the same time as the
growth experiment in order to have a variation in food level and tem-
perature. Sufficient specimens should be provided as weighing of the
specimens (and therefore dissection) is required here in order to obtain
the Ww-JO, Ww-JC, Ww-JN, Wd-JO, Wd-JC and Wd-JN data as a func-
tion of food (f) and temperature (T).

Calcein staining

Calcein is a fluorochrom marker used to stain calcified structures. This
stain is notably used to study growth. In bivalves, calcein fluorochroms
are incorporated into the new calcifying shell, letting a visible green flu-
orescent mark by fluorochroms light excitation (excitation peak wave-
lengthat 494 nm). The suitability of calcein staining for bivalves in-situ,
in terms of marking success and possible effects on growth performance,
has been studied for L. orbiculatus (Geest et al., 2019; van der Geest et
al., 2011; van Gils et al., 2012). In this study, staining was carried in the
field on seagrass directly. Seagrass patches delimited with PVC rings
pushed 10 cm into the sediment were immersed with calcein solutions
from 100 to 800 mgL~! for about 2 hours (time allowed by the tidal
cycle). The results of the study suggested an age-dependent effect on
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the success of calcein marking because small (i.e., young) lucinids were
significantly better marked than larger ones meaning that 2 hours im-
mersion with calcein was insufficient to produce an internal fluorescent
mark in the larger lucinids in the field (van der Geest et al., 2011). A
minimum growth rate about 8 pmd~! was estimated to obtain a marked
in the study conditions cited previously (van der Geest et al., 2011). The
t-L growth data can be obtained by using calcein staining and sampling
individuals randomly about every three months to observe with a binoc-
ular fluorescence magnifier the growth streaks. Growth rate is estimated
from the time between the date of staining and date of sampling, and the

length between the calcein mark and the shell edge.

Growth experiment

L-dL data (i.e., shell size and shell size change (growth)) or t-L (i.e., time
and shell length) data as a function of food level (f) and temperature (T),
can be measured by varying the food level of several groups of organ-
isms in aquarium at a certain time interval. The temperature could also

be varied.

Sulfur content analysis

The measurement of the sulfur content of the gills (%S) can be measured
with a Carbon/Sulfur analyzer (Cruaud et al., 2019) or mass spectrom-
etry. Mass spectrometry analysis could estimate the nitrogen (%N) and
carbon (%C) gill contents at the same time as sulfur to obtain C/N, C/S
and N/S ratio of gills.

Stable isotopes

Stable isotopes analyses (613C, 61N, 5348) could also be done as an in-
dicators of nutrient sources (symbiont or/and particulate organic mat-
ter (POM)) (Conway et al., 1989; Johnson et al., 1994; Petersen et al.,
2016). The percentages of symbiosis (Symbf-Wd) contribution (com-
pared to particulate organic matter) can be obtained by using Bayesian

stable isotopes mixing models such as MixSIAR (Stock et al., 2018) on
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data of isotopic values of both the possible food sources and the lucinid

bivalves.

“Milked” or “farmed” carbon?: Isotopically marked carbon and TUNEL
method

In chemosymbioses, how much carbon comes from “milking” and from
“farming” is not well known, as this is challenging to trace (Sogin et
al., 2021; Sogin et al., 2020). As milked carbon has been suggested to
be important in L. orbiculatus (Yuen et al., 2019), it cannot be bypassed
in the model. Some lead to try to quantify, even approximatively, as-
similated carbon from farming would be to study the rate of apoptosis
of L. orbiculatus gill cells as it has been done for mytilid species, deep
sea symbiotic ones (Bathymodiolus azoricus, Bathymodiolus puteoserpen-
tis and B. aff. boomerang) and a shallow-water one Muytilus edulis using
TUNEL method (Transferase dUTP Nick-End Labeling) (Piquet et al.,
2019). The deep species mussels showed an higher and highly variable
gill cells apoptosis compared to M. edulis which is not symbiotic (Pi-
quet et al., 2019). Tracking carbon translocation from the symbionts
to the host using labeled '*C could help to quantify milking (Herry et
al., 1989). With autoradiography of organs of L. orbiculatus exposed to
labeled 14C, differences in coloration was observed between gills and
other organs such as the mantle (Herry et al., 1989). Seasonal analyses
of carbon translocation by tissue autoradiography and gill cell apop-
tosis using TUNEL method, both linked to isotopic analyses of tissues
could give new insights into carbon host assimilation of symbiotic car-
bon. However this would require a consequent amount of work with ac-
tual knowledge. Modeling hypotheses could be made on the quantity of
milked carbon, and on the preferential use of milked or farmed carbon
by setting priority of use, for example. L. orbiculatus could use available
milked carbon first and farmed carbon as a last resort. Available milked
carbon for host could be modeled by setting priority on carbon used;
firstly used by symbionts and carbon remains would be available to the
host.
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Figure 3.8: Lucines sampling site (N 48°43’47.5” W 3°59’50.2”), Roscoff,
France (aerian view from 2021; Generated and modified from geopor-
tail.gouv.fr).

3.5 Experiments carried on L. orbiculatus

3.5.1 Sampling and identification of the collected speci-

mens

Study site (N 48°43°47.5” W 3°59’50.2”) is situated on Roscoff foreshore
(Western English channel, France) (Fig. 3.9). Lucinid species were sam-
pled near Z. marina seagrass beds during high coefficient tide (> 95) in
May 2022, between the 15" and 20, and in March 2023 between the
20" and 25'™ (Table. 3.7). Outside the period of high tide coefficient, it
is not possible to access some areas of the seagrass meadows. Sediments
near seagrasses where lucines were collected smelt strongly hydrogen
sulfide and were black, which is a characteristics of anoxic reduced sed-
iments.

Collected specimens were identified on the day of collection. The
three lucinid species, Loripes orbiculatus, Lucinoma borealis and Lucinella
divaricata are known to live in sympatry in Roscoff seagrass beds. Col-
lected specimens were observed under a binocular microscope and were
morphologically identified and sorted. Inserted ligament of L. orbicula-

tus is internal and not visible from the exterior, whereas it is external
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Table 3.7: Roscoff tides table on lucinid species sampling days (from ma-
ree.info).

Date N f Tide Coef. Time Duration Height Tidal
sampling range
16/05/2022  Low water 00h59 1.30m
05h53 7 61m
High water 97  06h52 8.91m
06h29 7 73m
Low water 13h21 1.18m
05h54 7 84m
High water 99 19h15 9.02m
18/05/2022 Low water 02h27 1.02m
05h54 7 92m
High water 98  08h21 8.94m
06h27 7 66m
Low water 14h48 1.28m
05h53 7 70m
High water 95  20h41 8.98m
21/03/2023  High water 102  05h52 9.19m
06h26 8.42m
Low water 12h18 0.77m
06h02 8.33m

High water 106  18h20 9.10m
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for L. borealis and visible from the exterior, as for all the species of the
genus Lucinoma (Taylor & Glover, 2021). L. borealis shell is more sub-
circular than L. orbiculatus shell, which is more circular. L. divaricata, as
all the species of the genus Lucinella, possesses an internal ligament as
L. orbiculatus. L. divaricata shell presents oblique sculpture (i.e., oblique
ornamentation on the outer surface of the shell) in addition to growth
increments that distinguishes it to L. orbiculatus. No L. divaricata spec-
imens were identified, which is not too surprising as their density in
Roscoff is very low compared to the two other lucinid species (Ann An-

dersen personal communication).

Table 3.8: Planned analyses on lucinid specimens sampled in Roscoff (Western
English channel, France).

Sampling Variable
date Body part  Planned analyses measured
16 & 18 . .
May 2022 Shell Biometry Height (cm)
P1 and P2
SEM heights (cm)
Wet and Biometr Wet and dry
dry tissues Y weight (g)
Gills Mass %C, %N, %S
spectroscopy
Biometry Gills dry weight
(8)
o .
FISH Yo bact.ena.l
volume in gills
Number of
Gonad Histology oocyte, size at
first maturity
21 March . Mass o/~ /NI o
2023 Gills spectroscopy %0C, %N, %S
Shell Calcein staining Growth in height
(cm)

3.5.2 First sampling period - May 2022 Roscoff

A summary of planned analysis of collected specimens are presented in
Table 3.8.
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3.5.2.1 Biometry, dissection and fixation

29 L. orbiculatus and 14 L. borealis shell heights were measured using a
digital caliper. The shell was opened by sliding inside shell between the
2 valves the tip of a scalpel and cutting the anterior and posterior ad-
ductor muscles. The wet body was removed from the shell and weighed
to determine the fresh weight. The wet body was then dried in an oven
at 60°C for 24 hours and weighted to determine the dry weight. Shells

were rinsed with tap water and air dried for SEM analysis.

3.5.2.2 Gonad fixation

A range of specimens from different sizes (from 4.5 mm to 13 mm) were
selected. The gonad/visceral mass was removed from the body previ-
ously weighted and weighted to obtain gonad wet weight. Then, the
gonad- visceral mass was fixed and stored in formaldehyde 10% at 4°C.

3.5.2.3 Gill fixation, for C/N/S and FISH analyses

Gills of collected specimens were dissected using sterile scalpels imme-
diately on a cold ice plate. For each specimen the first gill was fixed with
ethanol 100% for sulfur analysis and the second one was fixed using the
protocol from Duperron, 2015. Gills were fixed in 4% formaldehyde in
twice filtered (0.22 pm) autoclaved seawater and stored in the fridge at 4
°C for 4 hours. Then, fixative was removed by rinsing twice with twice-
filtered seawater and mix by inversion. Tissue were dehydrated in the
increasing ethanol series (50%, 70%, 80%, 20 min each). Tissue samples

were stored in 80% ethanol at 4°C until FISH analysis.

3.5.3 Second sampling period - March 2023 Roscoff

3.5.3.1 Biometry, dissection and fixation

Shell sizes and wet weights of collected specimens were measured as

during the first period of sampling in May 2022.
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3.5.3.2 Gills fixation, for C/S

Gills were dissected and freezed for storage. The gills were transported

by car with ice packs from Roscoff to the Wimereux marine station.

3.5.3.3 Growth experiment

Sediments were collected at the study site for growth experiment, to
a maximum depth of 10 cm. Specimens were collected and taken to
the laboratory alive. These specimens were transported by car with ice
packs and oxygenated with an O, pump, from Roscoff to Wimereux ma-

rine station.

3.5.4 Experimental settling and sample analysis proto-

cols

3.5.4.1 Growth experiment with different food levels

Aquaria settings 58 specimens of L. orbiculatus were acclimated for
five days prior the start of the growth experiment. These specimens
were transported by car with ice packs to Wimereux marine station. The
growth experiments was conducted at Wimereux marine station for 92
days (three months) from March to June 2023. The capacity of each
aquarium was of 3 liters (30 cm x 10 cm x 10 ¢cm). Two L. orbiculatus
aquaria were supplied with an Na,S solution, two with a micro-algal
solution, two with the Na,S solution plus the microalgal solution and
one was “starved”. Sediments collected in Roscoff were put in the oven
at 121°C for 24h and then sieved (mesh 2 mm diameter) and homoge-
nized by mixing it before distributing about one liter of sediment per
aquarium. Sediment was sampled in each aquarium for sulfur analysis
to measure the concentration of sulfur in the sediments at the beginning
of the experiment. The aquaria were filled with 1.5 liter of twice filtered
seawater (filtered once at 0.45 pm then at 0.22 um). “Na,S” aquaria
were initialy seeded with Na,S in the sediments (Fig. 3.9).
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Lucines density per aquarium Number of lucines per aquarium was
determined as a function of the density and biomass observed in the
field to avoid being above the carrying capacity which would result in
a negative impact on the growth. Density of lucines in each aquarium
were choosen not to exceed ten individuals per aquarium with a sed-
iment surface of 0.03 m?2, which corresponds to 300 individuals m2,
and was below observed density of biomass in the field: mean density

of L. orbiculatus in Banc d’Arguin, Mauritania was 16 individuals m~2 in

bare sediments and 339 individuals m—2

in seagrass-covered sediments
(Geest et al., 2019). Also L. orbiculatus biomass in 1986, 1988 & 2007
was constant, ranging from 1.1 to 2.6 g ash-free dry weight m~2 (Geest
et al., 2019). Lucinid biomass was chosen to not exceed the value of 2.6
g dry weight gm~2 which corresponds to a weight of 0.078 for 0.03 m?
surface sediment of the aquarium, giving 0.009 g as the mean individ-
ual dry weight. As dry weight cannot be obtained for living organism,
the dry-weight against shell sizes curve obtained with specimens from
may 2022 was used (Fig. 3.12b) to determine the mean size of individu-
als that should not be exceeded which was 8.5 mm. The average size of
the 58 collected specimens was 5.8 mm. Specimens were distributed in
each aquarium so that there was a similar size distribution of specimens

in each aquarium.

Preparation of microalgae solution To have a concentration similar
to the concentration of algae that is in the field, chlorophyll profiles
of Roscoff SOMLIT stations (www.somlit.fr) were used as reference. A
peak about 4 pgL™! of chlorophyll a (chla) was observed in may 2022 in
Roscoff. An algal mix (Shellfish Diet 1800 Reed Mariculture) of five ma-
rine microalgae (Isochrysis, Pavlova, Tetraselmis, Thalassiosira weissflogii
and Thalassiosira pseudonana) of about 2 x 10° cells per ml was used to
prepare a stock solution of feed the lucines of 5 x 107 cells per ml. The
feeding consisted in 5 mL of the stock solution pipetted into each algae-
treated aquaria. As the volume of water in each aquaria was 2.5 liter,
one feeding resulted in an approximated concentration of 1 x 10° cells

per mL. Isochrys galbana chlorophyll a is about 0.4 pg per cell (Fabregas
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et al., 1985; Valenzuela-Espinoza et al., 2002). A concentration equiva-

lent to 6.66 nglL~! was given to feed the lucines ad libitum.

Preparation of Na,S solution In long term experiments (> 1 month)
in the literature, sulfur was supplied to chemosymbiotic species through
different means. Organic matter was added into the sediments with dog
food to stimulate sulfide production for the farming of the deep sea vesi-
comyid clam Calyptogena okutanii (Ohishi et al., 2016) and for the rear-
ing of vesicomyid of the genus Phreagena (Ikuta et al., 2016). Organic
matter sticks input into the sediments were also used in the field to en-
rich sediment in sulfide, near L. orbiculatus specimens (van der Geest
et al., 2020). Also direct aqueous Na,S supply was done, either into the
water column for an artificial cold seep systems with vesicomyid Ca-
lyptogena okutanii specimens (Miyake et al., 2012) or directly into the
sediments for the rearing of the polychaete Capitella sp. (Tsutsumi et al.,
2001). Enriched agar in Na,S were also added directly into the sedi-
ments in tanks in a study on Z. marina seagrass (Goodman et al., 1995).

In the Thau Lagoon where organic matter sticks have been used to
enrich sediment in sulfide, after 50 days, pore water sulfide have been
measured with the addition of organic matter (OM treatment) about
1170 pmolL~! and with the addition of organic mater and L. orbicula-
tus at 716 pmolL~! (L + OM treatment) for similar densities of lucines
(3694 + 542 and 3609 + 377 L. orbiculatus m~! for OM and L + OM
treatments respectively) (van der Geest et al., 2020). To avoid the input
of a lethal concentration into the sediments, it was hypothesis that ac-
ceptable concentration for the lucines was about 1170-716 pmolL~! for
about 3609 L. orbiculatus, giving 0.2563 pmol per L. orbiculatus for 50
days (van der Geest et al., 2020). The number of L. orbiculatus per aquar-
ium varied from n = 7 for the control to n = 8 for the other aquaria. The
concentration of the solution given to the lucines was set for 7 lucines at
0.036 pmol/L /day. 0.072 pmol was given to lucines about three times
a week per aquarium as 5 mL in 5 differents points of a prepared solu-
tion of 14.4 uM per liter. Sediments for aquaria with sulfur treatments

were initially seeded with Na,S solution before starting the growth ex-
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periments. Preparation of the solution, and seeding of sediments was
performed under a hood in an inflated-saturated nitrogen box. As Na,$
is hygroscopic, prepared solution was re-saturated in nitrogen after each

feeding.

Calcein staining 58 L. orbiculatus specimens were exposed overnight
for 14h to a calcein (Sigma, CAS 1461-15-0) concentration of 200 mg L1
of unfiltered seawater, protected from light with an opaque black sheet

around the aquarium. 3 small individuals (< 0.5 cm) died.

L]

Glove box (inflated/saturated with N2)

Hood

pipette tips

I §—
Sediments + 500mL -"’:I i o /

N S

Pipette Gloves for handling inside (use

- o cotton gloves inside to avoid
puncturing the box gloves)
View from top of aquarium. Dots Open (to allow equipment and
= deposit of 1ml Na2s solution at aquarium to pass through). Close
14.4mol/L. during handling with a "rod".

Figure 3.9: First input of Na,S into the sediments in L. orbiculatus growth
experiment.

3.5.4.2 Fluorescence observation

Calcein marks on shells of the growth experiment were observed with
the ZEISS Axio Zoom fluorescence microscope and Zen software (Zeiss)
with the help of A. Delagrange (UMR8187, Wimereux). Calcein excita-
tion peak at 494 nm is at the limit of the 38 HE GFP filter of the Axio
Zoom excitation wavelength range (450-490 nm) that was used. Never-
theless, excitation ranges overlapped. Calcein emission peak (517 nm)
is included within 38 HE GFP filter emission range (500-550 nm).
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H,S micro-algae micro-algae + H,S

Figure 3.10: Loripes orbiculatus growth experiment set-up.

3.5.4.3 %C, %N and %S determination

Gill content was determined for L. orbiculatus and L. borealis sampled
in May 2022, L. orbiculatus and L. borealis sampled in March 2023, and
L. orbiculatus from the growth experiment. Sediment content was also
determined for sediment from the growth experiments, at the beginning
and at the end of the experiments. Ethanol was removed from May 2022
samples using a pasteur pipette and a 100 pl micropipette and frozen
samples from March 2023 and June 2023 were thawed. All the sam-
ples were dehydrated in the oven for at least 48h at 60°C. Dried gills
were weighed on a precision balance on aluminium foils. Grinding to
ensure homogenized samples was then carried out with a mortar and
pestle to obtain powder. Material was cleaned with ethanol between
each samples. Samples were put back into the oven until C/S analy-
sis and at room temperature in a desiccator during samples processing.
The Thermo Scientific Flash Smart 2000 analyzer was calibrated with
the analytical standard BBOT (2,5-Bis (5-tert-butyl-2-benzo-oxazol-2-
yl)), which was closest the closest standard for elemental analysis in
content to the gill samples. Two mass standards of 2 and 3 mg were

prepared with vanadium pentoxide (O5V2) at 8—10 mg in two pewter
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pods using the method of Krotz and Giazzi (2018). Vanadium pentoxide
(CAS: 1314-62-1) was used to detect sulfur present in gills by catalyzing
its combustion. 10 mg of Vanadium pentoxide was used as blank in a
pewter pod. To determine the optimum amount of gill powder to pre-
pare for chromatography peaks, two L. orbiculatus gills from 16/05/22,
with a dry weight of 14 mg, were used. A signal was obtained with
a weight of 3-4 mg for these 2 samples. The remaining samples were

subsequently prepared using the same protocol.

3.5.4.4 Shell observation with SEM

Similar protocol as for the observation of the shell of the deep-sea species
Christineconcha regab in Chapter 2 was applied. As lucines are small in
sizes, shells were fixed directly on SEM stubs, the exterior of the shell
against the stub. The surface of shells was coated with gold-palladium
with a sputter-coatter to make it conductive. Argon was used as sputter
gas. Samples preparation and micrographs were realized with the help
of L. Courcot (UMR8187 LOG, Wimereux).

3.5.4.5 Histology of the female gonads

Gonads of Loripes orbiculatus (n = 12) and of Lucinoma borealis (n = 5)
were dehydrated in an ethanol series (70-100%), cleared in Diasolv and
impregnated in paraffin. Each sample was then embedded in paraf-
fin, sectioned at 7 pm using a microtome (Leica Ltd.), and stained with
Hematoxylin and Eosin (Mammone et al., 2020) using the Leica Biosys-
tems — HistoCore SPECTRA ST. Histological sections were examined
under a microscope (Axioscope 5, Zeiss Ltd.) equipped with the Zen
software (Zeiss Ltd.).
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Figure 3.11: Weights and shell heights of lucines sampled in May 2022 in
Roscoff, France. LO, Loripes orbiculatus; LB, Lucinoma borealis.

3.6 Results and discussion

3.6.1 Length-weight data

Length-weight data (Fig. 3.12) are useful to parameterize the shape co-
efficient (0)7) which is a parameter of DEB models. 0, is used to predict
the weight in function of the length or height (Eqs. 3.4 and 3.5). The
shape coefficient converts the measured length (L,pysicar), Or height in
the case of lucinid bivalves (Hppysicar), to the DEB concept of structural

p
length (L): L = 6prLpnysicar (Kooijman, 2010).

Wwphysical = (thysicaléM)?,(l +fw) (3.4)

Equation 3.4: Lucines wet weight prediction with DEB theory. Wwppysicar,
measured wet weight; Hpjysicq, measured shell height; 651, shape factor (-);
f, functional response (-); w, contribution of dry mass of reserve to total dry
biomass (i.e., total = reserve + structure) (-); dy, specific density of dry mass
(gecm™?).

dehysical = (thysicaléM)?’(l +fw)dy (3.5)

Equation 3.5: Lucines dry weight prediction with DEB theory. Wd,pysicar,
measured dry weight; H,hysical, measured shell height; 0y, shape factor (-
); f, functional response (-); w, contribution of dry mass of reserve to total dry
biomass (i.e., total = reserve + structure) (-); dry mass (gcm™3).
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(a) Loripes orbiculatus

(b) Lucinoma borealis

Figure 3.12: Scanning electron microscopy micrograph of two lucinid species,
Loripes orbiculatus and Lucinoma borealis, from Roscoff, France.. P1, Prodisso-
conch I; P2, prodissoconch II. Images obtained with the help of Lucie Courcot
(UMR8187 LOG).

In Chapter 2, o) for C. regab deep-sea vesicomyid species was estimated to
0.2637 and to 0.0651 with abj and abj-farming model, respectively.

3.6.2 Length at birth and length at metamorphosis

L. orbiculatus and L. borealis shells were observed using a scanning electron mi-
croscope (SEM) (Fig. 3.12). L;, estimated at mean measured P1, was 152 pm
for L. orbiculatus (n = 10) and 167 nm for L. borealis (n = 7). L;, estimated with
mean measured P1+P2, was 212 pum for L. borealis and 231 pum for L. orbicu-
latus. Lucines shells are fragiles and were damaged during the manipulations
(Fig. 3.12).

3.6.3 Length at puberty and reproduction rate

Out of the 12 specimens of L. orbiculatus observed on histological sections,
most of the female gonads observed had oocytes in an advanced stage of ga-
metogenesis where oocytes diameters were 122.4 + 7.8 um (n = 5) (Fig. 3.13).
Some females spawned spontaneously overnight in the laboratory after the day
of collection. Specimens of shell height below 5 mm had undifferentiated ger-
minal cells or gonia under division in the gonad. Only the smallest female of a
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size of 6.75 mm was carrying visible acinus with oogonia in division and could
be considered as the length at puberty for females L. orbiculatus. Females L. or-
biculatus from 8.4 mm to 13.1 mm in shell height (n = 7) had oocytes in the
gonad. The number of oocytes following the size (R — L) could be estimated
in these specimens by using the same method used for Christineconcha regab in
Chapter 2. This work was planned but not conducted unfortunately.

In Brest (Brittany, France), oocyte sizes were observed throughout one year,
from September 1991 to September 1992 (Johnson & Pennec, 1994). In June all
L. orbiculatus had spawned as no oocytes were observed in the gonad anymore
(Johnson & Pennec, 1994). Oocyte sizes ranged from 14 to 95 pum in diame-
ter (Johnson & Pennec, 1994). Average oocyte sizes increased from Septem-
ber October, was lower in December, and increased again until May where
larger oocyte sizes were observed (Johnson & Pennec, 1994). Rather large
oocyte (about 120 pm) were observed in L. orbiculatus from Roscoff suggest-
ing a lecithotrophic larval development (Fig. 3.13).

L. orbiculatus oocytes were surrounded by a protective “jelly” (Fig. 3.13).
This “jelly” has been observed in other lucinid species, surrounding mature
oocyte and spawned eggs (Bigatti et al., 2004; Gros et al., 1997).

Figure 3.13: Loripes orbiculatus oocytes (Roscoff, France).
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3.6.4 Growth of Loripes orbiculatus

The exposition of calcein concentration of 800 mgL~! for 14 hours might have
been lethal for small lucinid specimens as only small ones died overnight (n
= 3) . Calcein marks were observed on shells (Fig. 3.15) but not as a clear
marked as in image from the literature in (van der Geest et al., 2011; van Gils
et al., 2012). Here the shells were not clean using H,O, to remove the perios-
tracum (most external shell organic coating). Therefore some autofluorescence
of chlorophyle pigments of microalgae deposited on shells might have hidden
the signal. Even if excitation wavelength covered the range of excitation of cal-
cein, the excitation not at the excitation peak of calcein could have resulted in

a lower fluorescent mark.

Figure 3.14: Calcein mark on Loripes orbiculatus shell observed by fluores-
cence. Arrows show calcein mark.

Growth of L. orbiculatus specimens per treatment were compared by fitting a
von Bertalanffy growth curve to each treatment to estimate the growth rate
coefficient k (d7!) and the maximum size ], (cm) unsig matlab function fmin-
search. von Bertalanffy Growth function was defined as in tag-recapture stud-
ies (Eq. 3.6) (Geest et al., 2019).

AH:H2—H1 = (Hoo_Hl)(l —exp(—kAt)) (36)

Equation 3.6: Growth in shell height expressed with von Bertalanffy Growth
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function for tag-recapture method. AH =, growth in shell height; H;, initial
the shell height; H;, shell height at recapture; H,,, maximum height reachable
in given conditions; At, the duration between the measures H; and H, which

is 92 days in Loripes orbiculatus growth experiment.

Fits to experimental data per treatment are represented in Fig. 3.15. Growth
was observed to be lower for larger specimens compared to smaller ones as ex-
pected (Fig. 3.15, Tables 3.12 and 3.13). H,, was estimated in the highest for
Na,S§ treatment and microalgae treatment and the lowest for starvation treat-
ment (Table 3.9). k growth coefficient was estimated to be the lowest for Na,S
treament and the highest for starvation treatment. Growth curves for each
treatment were modeled using estimated parameters H,, and k growth coeffi-
cient per treatment, and estimated in L. orbiculatus capture-recapture experi-
ment in the field in Banc d’Arguin, Mauritania (Geest et al., 2019) for 10.000
days (27 years), until the estimated ultimate height was reached in each treat-
ment. Growth from the field in Mauritania was quicker, than L. orbiculatus
from the growth experiment and this might be due to the stressful condition
of being in the laboratory and not in the field. 27 years is a bit of a long time
for them to reach their maximum height compared to estimate life span of bi-
valves, and they might die before. Mauritania’s is situated in tropical latitude
while France in temperate latitude, temperature is higher in Mauritania and
thus we could expect a higher growth rate of L. orbiculatus in Mauritania.

Table 3.9: Estimated H,, (cm) and k coefficient of von Bertalanffy growth func-
tion per Loripes orbiculatus treatment. n, number of L. orbiculatus per treat-
ments.

treatment H,, (um) k(d™) n
microalgae 1.4328e+04 3.4655e-04 16
Na,S 1.4904e+04 2.4755e-04 15
microalgae-Na,S 1.2575e+04 3.2379e-04 13
starvation 1.0506e+04 3.8993e-04 5

3.6.5 Elemental contents analyses from field sampling

3.6.5.1 Gill elemental content

Normality and homoscedasticity were tested using Shapiro-Wilk and Leven
tests, respectively. As samples did not follow a normal distribution, Kruskal-
Wallis non-parametric test was applied, and in cases of significant difference,
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Figure 3.15: Measured and modeled growth with von Bertalanffy growth func-
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post-hoc pairwise Dunn test, with Bonferronni correction was used. Statistical

tests were run using R using R-Studio interface.

Table 3.10: Biometry and gill chemical elements composition of Loripes orbic-
ulatus lucines from Roscoff (France). H, shell height (mm); DW, dry weight (g);

N, nitrogen; C, carbon; S, sulfur.

H(mm) gillDW(g) %N %C %S C/N C/S N/S
LO23  14.09 0.038 8.46 41.87 292 495 1436 2.90
n=12 13.94 0.021 8.30 41.87 2.72 5.05 15.37 3.05
13.65 0.039 6.23 38.43 4.16 6.17 9.23 1.50
12.14 0.023 6.92 4190 4.19 6.05 10.01 1.65
12.05 0.021 7.27 4569 490 6.28 9.33 1.49
13.62 0.021 791 40.11 3.33 5.07 12.04 2.37
12.43 0.012 8.60 4092 248 476 16.48 3.46
12.04 0.017 7.49 40.10 3.66 5.35 10.95 2.05
10.76 0.010 8.77 4091 2.69 4.66 15.20 3.26
12.42 0.014 9.11 41.69 2.44 458 17.08 3.73
11.11 0.026 595 38.19 4.62 6.42 8.27 1.29
12.41 0.019 8.90 47.03 2.32 5.29 20.23 3.83
LO22 13.09 0.014 6.31 36.11 4.52 5.72 7.99 1.40
n=17 11.33 0.004 6.60 38.63 4.23 585 9.12 1.56
11.5 0.005 9.33 39.48 2.28 4.23 17.32 4.09
12.34 0.010 10.90 43.14 2.07 3.96 20.87 5.27
10.59 0.010 7.13 39.25 3.69 5,50 10.63 1.93
11.11 0.010 6.57 37.86 4.00 576 9.46 1.64
11.61 0.003 7.09 3872 394 546 9.82 1.80
11.93 0.015 10.64 41.78 1.93 393 21.60 5.50
5.07 0.002 not measured
4.54 0.001 not measured
5.34 0.001 not measured
8.77 0.002 8.54 3957 199 4.63 19.89 4.29
8.39 0.002 8.77 41.13 1.50 4.69 27.35 5.83
8.45 0.002 9.67 40.62 1.77 4.20 2297 5.47
9.91 0.010 6.31 37.67 450 597 8.36 1.40
6.75 0.001 8.70 40.86 1.61 4.69 25.32 5.39
10.74 0.004 9.70 41.51 1.80 4.28 23.04 5.39

Gill carbon content (%C)
cantly lower in March 2023 compared to May 2022 (p-value adjusted < 0.01)
(Fig. 3.17a, statistics Table 3.14, individual details Table 3.10). Loripes orbicula-
tus gills %C was not significantly different between May 2022 and March 2023,
but was significantly lower than %C of L. borealis from March 2023 (p-value

Lucinoma borealis gills content %C was signifi-
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Table 3.11: Biometry and gill chemical elements composition of Lucinoma bo-
realis lucines from Roscoff (France). H, shell height (mm); DW, dry weight (g);
N, nitrogen; C, carbon; S, sulfur. LB23, L. borealis collected in March 2023;
LO22 L. borealis collected in May 2022; n, number of specimens.

H(mm) gillDW(g) %N %C %S C/N C/S N/S

LB23 8.9 0.004 7.24 38.72 1.24 5.35 31.13 5.82
n=10 7.92 0.004 8.28 37.41 1.25 452 30.02 6.64
7.31 0.004 6.65 35.38 1.03 5.32 34.32 6.45
8.24 0.005 6.72 35.72 1.61 5.32 2213 4.16

7.41 0.002 not measured

6.7 0.002 not measured
7.92 0.003 6.36 32.52 2.26 5.11 14.38 2381

7.39 0.003 not measured

6.32 0.001 not measured
6.72 0.003 7.07 3595 1.59 5.09 22.60 4.44
LB22 10.29 0.009 7.79 40.81 3.20 5.24 1274 2.43
n=7 10.13 0.003 8.18 41.27 1.46 5.05 28.25 5.60
9.23 0.002 8.26 39.57 159 479 24.87 5.19

6.81 0.001 not measured
4.93 0.000 7.92 39.01 1.23 4.92 31.59 6.42
26.39 0.029 1249 61.34 1.02 491 60.35 12.28

26.39 0.051 10.16 43.65 2.15 4.30 20.30 4.72
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Table 3.12: Measured growths and chemical elements composition of Loripes
orbiculatus’gills from growth experiment (1/2). Trt., treatment; H,, shell height
at the end of the growth experiment (um); AH, H,-H, where H, is the shell
height (um) at the beginning of the growth experiment marked by calcein

staining; N, nitrogen; C, Carbon; S, Sulfur.

Trt. H2(um) AH(um) %N %C %S C/N C/S N/S
starv. 7140 108 9.15 37.62 243 4.11 15.51 3.77
n=7 5104 169 7.52 34,57 2381 4.60 12.31 2.68
5188 316 9.91 45.28 3.53 4.57 12.82 2.81

4698 151 not measured
4181 214 7.42 30.51 3.74 4.11 8.16 1.98

2 deaths during the experiment

pA 1l 8454 95 9.68 46.93 4.68 4.85 10.04 2.07
n=8 7110 374 7.81 33.82 2.31 4.33 14.64 3.38
5759 116 6.86 35.26 3.75 514 940 1.83
5977 252 7.32 3232 246 441 13.16 298
4532 445 10.11 43.69 5.09 4.32 859 1.99
4966 279 4.88 22.31 2.11 4.57 10.56 2.31

3665 318 not measured

10019 208 not measured
pA 2 8396 133 9.27 39.70 2.67 4.28 14.85 3.47
n=8 8705 233 8.66 38.15 236 4.40 16.14 3.67
6302 108 8.61 36.41 2.72 423 1341 3.17
5516 400 10.88 48.18 290 4.43 16.64 3.76
6358 349 7.61 32.66 2.25 4.29 14.53 3.38
4795 353 2.08 8.79 0.67 4.23 13.18 3.12
4565 164 8.32 36.84 295 442 1248 2.82
4370 373 7.49 3353 226 448 14.86 3.32
H)S 1 8643 179 9.29 4948 495 532 999 1.88
n=38 7068 73 8.22 36.06 232 4.39 15.55 3.54
6710 208 8.96 37.96 14.00 4.24 2.71 0.64
6906 194 8.87 36.80 266 4.15 13.83 3.33
4953 303 7.63 33.63 2.68 440 12,53 2.84
4729 307 7.25 3271 2.62 451 1249 277

4422 319 not measured

4262 90 not measured
H,S 2 7682 297 8.35 37.10 233 444 1593 3.58
n=8 7697 157 7.68 3546 2.68 4.62 13.24 2.87
6097 111 11.78 50.42 3.29 4.28 15.33 3.58
5188 125 7.82 3479 229 445 15.17 3.41
5344 139 8.37 3476 243 4.15 14.29 3.44
4289 354 8.59 3285 290 3.82 11.34 297
5146 241 8.61 3144 6.86 3.65 459 1.26

a death during the experiment
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Table 3.13: Measured growths and chemical elements composition of Loripes
orbiculatus’gills from growth experiment (2/2). Trt., treatment; H2, shell
height at the end of the growth experiment (nm); AH, H1-H2 where H2 is
the shell height (pum) at the beginning of the growth experiment marked by
calcein staining; N, nitrogen; C, Carbon; S, Sulfur.

Trt. H2 (um) AH(um) %N %C %S C/N C/S N/S
BA-H,S 1 9337 53 9,36 40,14 2,51 4,29 15,98 3,73
n=38 7653 78 8.61 36.84 1.01 4.28 36.59 8.55
6369 161 8.02 33.18 212 4.14 15.69 3.79
5462 263 7.58 33.61 230 4.43 14.63 3.30
6018 320 834 3449 230 4.14 15.01 3.63

4663 157 not measured
4913 325 3.18 19.57 1.14 6.15 17.11 2.78
4108 148 852 32,55 3.32 3.82 9.79 2.56
RA-H,S 2 7809 178 859 36.11 2.40 4.20 15.01 3.57
n=8 7614 113 7.70 35.59 3.38 4.62 10.53 2.28
5985 452 10.81 48.93 3.02 4.53 16.21 3.58

5334 116 not measured
4066 179 9.36 36.24 6.12 3.87 592 1.53

3 deaths during the experiment

adjusted < 0.05) (Fig. 3.17a, statistics Table 3.14, specimen individual details
Tables 3.10 and 3.11 for L. orbiculatus and L. borealis, respectively).

Gill nitrogen content (%N) Nitrogen content (%N) seemed to be lower
in March 2024 compared to May 2022, however there were no significant dif-
ferences between the two months of sampling, and between species (p-values
adjusted > 0.05) (Fig. 3.17b, statistics Table 3.14, specimen individual details
Tables 3.10 and 3.11 for L. orbiculatus and L. borealis, respectively).

Gill C/N Gill C/N seemed to be higher in March 2024 compared to May
2022, however there were no significant differences between the two months of
sampling, and between species (p-values adjusted > 0.05) (Fig. 3.18a, statistics
Table 3.14, specimen individual details Tables 3.10 and 3.11 for L. orbiculatus
and L. borealis, respectively).

L. orbiculatus C/N ratio of live specimens from Italia (Mediterranea Sea)
were about 3.2 in June 2010 Sicily and 3.1 in Venice in April 2011 (Dreier et
al., 2012). Mean C/N ratio of L. orbiculatus from both May and March 2023 are
observed higher than those from Italia (4.92 and 5.39, mean C/N ratios from
L. orbiculatus gill collected in May 2022 and March 2023, respectively).
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Gill S (%S), C/S and N/S 2022 and 2023 Loripes orbiculatus gill sulfur con-
tent (%S) were significantly higher than Lucinoma borealis gills from May 2022
(p-values adjusted <0.05) (Fig. 3.17c, statistics Table 3.14, specimen individual
details Tables 3.10). Consequently, C/S and N/S from 2022 and 2023 Loripes
orbiculatus gill were significantly lower than Lucinoma borealis gills from May
2022 (p-values adjusted < 0.05) (Fig. 3.18b and c, statistics Table 3.14, speci-
men individual details Tables 3.10 and 3.11 for L. orbiculatus and L. borealis, re-
spectively). There were no intraspecies significant differences between months
(p-values adjusted > 0.05).

Sulfur percentages of L. orbiculatus specimens from two mauritanian sites
were in between 2 and 3.2% which is similar to L. orbiculatus gill sulfur per-
centage from Roscoff (France) in our study (Oortwijn et al., 2022).

Loripes orbiculatus and Lucinoma borealis were collected at the same loca-
tion, and thus are exposed to the same abiotic conditions, these results might
highlight interspecies differences in terms of sulfur processing. These inter-
species differences could be due to their symbiont populations, in terms of
symbiont metabolism or/and symbiont quantity. L. borealis was found in lower
quantity at the sampling sites compared to L. orbiculatus and might not be as
well adapted as L. orbiculatus to the seagrass sulfidic conditions. Sulfide in the
sediment on the field is not distributed homogeneously and L. borealis could
be living in area with less concentrated in sulfide while L. orbiculatus in area
more concentrated sulfide, accumulating more sulfur.

In Mauritania, L. orbiculatus from two different locations presented varia-
tion in percentage of total sulfur (Oortwijn et al., 2022). In our study, L. orbic-
ulatus gills also presented variations of S percentage, although not significant,
with a mean concentration higher in March 2023 than May 2022.

In Mill Bay, England, elemental gill sulfur contents of L. borealis from near
Zostera marina beds varied greatly seasonally, unlike what is observed in our
study (Dando et al., 1986). The lowest L. borealis gill sulfur concentrations
were measured in February and April (9.4 + 3.2 and 12.1 + 1.4 g atoms of S
g~! of gill fresh mass), when the sediment concentration were lower than in
October (0.2 mg atoms dm~3 in February) (Dando et al., 1986). The highest
concentrations were measured in October (68.1 + 23.7 g atom of S g~! of gill
fresh mass), which coincided with a peak of sulfur concentration in sediment
in October (4 mg of S atom dm™~2 of sediment) (Dando et al., 1986). Degrada-
tion of the seagrasses is known to increase sulfide production in the sediments
(Dando et al., 1986). Fluctuation of environmental sulfide concentration and

consequently, a lower concentration in the environment was suggested to con-
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trol sulfide intrusion in L. orbiculatus (Dando et al., 1986).

In Roscoff, a chlorophyll peak happens in May (www.somlit.fr/). Mean gill
sulfur percentage of L. orbiculatus is observed higher in March 2023 than in
May 2022 where chlorophyll is at its peak (SOMLIT Roscoff: chlo a between
1.5 and 4 pg/L in May 2022; between 0.60 and 0.70 pg/L in March 2023). If
internal lucines gill sulfur concentration was only reflecting external sulfide
concentration, the gill sulfur concentration should be higher in May than in
March because of higher organic matter deposition and decay which causes an

increase of sediment sulfide, or it is not what was observed.

L. orbiculatus reproduction period occurs in May in Roscoff (personal ob-
servation). During L. orbiculatus reproduction period, it was observed that gill
lysis was increased together with gamete development, suggesting the lysis
provides energy for L. orbiculatus gametogenesis (Johnson & Fernandez, 2001).

The abj-farming model of the deep-sea species Christineconcha regab in
Chapter 2 suggested that symbiont consumed more sulfide when the host feed
more. Under host predation pressure, symbionts might consume more sul-
fide, that could result in a lower sulfide concentration within its host, as it is
observed for L. orbiculatus gills May 2022 and March 2023. Still, more observa-
tions are needed to validate this hypothesis as observations were done on small
sample populations and the differences were not statistically differents.

Sulfur gill percentage quantified by mass spectrometry may include different-
sulfur forms, available for the symbionts, such as free circulating ionic forms
(e.g., thiosulfate, an intermediate of symbiont sulfide oxydation pathways) and
elemental forms (e.g., elemental S observed as granules). This available sulfide
can be used to approximate a sulfur reserve for the symbiont in the dynamic
energy model. Sulfur is also known to play an essential role in amino acid
metabolism (e.g., cystein) (Allen, 1961) and DNA repair (Lukianova & David,
2005). This sulfur is also measured by the mass spectrometer but not avail-
able for the symbiont. This sulfur “background” concentration could be deter-
mined with sulfide starved specimens.

Sampling monthly and comparing the density of sulfur granules formed
along the year, using Scanning Electron Microscopy, and to relate it to sym-
biont density, determined using fluorescence hybridization in-situ, and survey-
ing at the same time dissolved organic matter in sea-water would give insight
into L. orbiculatus and L. borealis strategies to deal with seagrasses toxic sulfidic
conditions and their shift in food source, from symbiotic to organic matter fil-
terfeeding, along the year.
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Figure 3.17: Carbon, nitrogen and sulfide content of Roscoff lucines gills from

the field. LB, Lucinoma borealis; LO, Loripes orbiculatus; 22, sampled in May
2022; 23, sampled in March 2023.
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Figure 3.18: C/N, N/S and C/S ratio of Roscoff lucines’ gills from the field.LO,
Loripes orbiculatus; 22, sampled in May 2022; 23, sampled in March 2023.
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Table 3.14: Statistics on Loripes orbiculatus gill elemental composition (carbon,
nitrogen and sulfide) from Roscoff. p-value: ¥, < 0.05; **, < 0.01.

%S %C %N C/S C/N N/S
Test of normality: Shapiro-Wilk
LB22 0.278 0.00269** 0.0341* 0.203 0.422 0.174
LB23 0.379 0.773 0.335 0.646 0.0306% 0.537
LO22 0.00868** 0.998 0.146 0.0403* 0.0652 0.00407**
LO23 0.169 0.103 0.328 0.509 0.108 0.203
Test of homoscedasticity: Levene
All 0.1492 0.2816 0.2231 0.08783  0.03787* 0.1903
Test of comparison: Kruskal-Wallis
All 0.000649***  0.00117** 0.174 0.00321** 0.331 0.00669**
Tests post-hoc: Dunn, Bonferroni p-values adjusted
LB22 LB23 1 0.00700** 1 1
LB22LO22 0.237 0.968 0.206 0.461
LB22 1023 0.0120% 1 0.0207* 0.0239*
LB23 LO22 0.0767 0.0878 0.191 0.561
LB23LO23 0.00269** 0.00127** 0.0188* 0.0317*
LO22LO23 1 0.558 1 0.858

3.6.6 Gill and sediment elemental content from growth

experiment

3.6.6.1 Sediment elemental content

After 92 days, an overall enrichment of sediment content in carbon, nitrogen
and sulfur was observed within all treatments (Figs. 3.19a, b, d). The enrich-
ment in carbon was higher at the sediment surface than at the bottom- in
all treatments (Fig. 3.19a). Nitrogen enrichment was more important at the
sediment surface in all treatments except treatments with micro-algae only
(Fig. 3.19b) than at the bottom. C/N ratio of sediments decreased compared
to initial values (Fig. 3.19¢). C/N ratio was the highest at the surface of sedi-
ment from lucines aquaria fed with microalgae (Fig. 3.19¢). At the beginning
of the growth experiment, sulfur content of sediment was very low and/or not
detected in aquarium sediments, even in the sediment initially seeded with
Na,S§ for Na,S and microalgae-Na,S feeding treatments (aquaria Sy, S,, yAS;
and puAS,) (Fig. 3.19d). Sediments were also enriched in sulfur in each treat-
ment, more heavily at the surface for treatments where addition of sulfur was
carried out (Fig. 3.19d). In microalgae-only treatments, sulfur content in %
was higher in bottom sediment than at the surface (Fig. 3.19d). There were no
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Figure 3.19: Carbon, nitrogen and sulfur content of sediments from Loripes
orbiculatus growth experiment per feeding treatments. Sediments: Bottom,
sediment sampled at the bottom of the aquarium at the end of the growth
experiment (after 92 days); Initial, sediment sampled at the begining of the
growth experiment ; Surface sampling, sediment sampled at the bottom of the
aquarium at the end of the growth experiment (after 92 days). Feeding treat-
ments: pA, microalgae; S, Na,S; starv,, starvation; 1 & 2, treatment replicates.
Note: In (d), sulfur content was below limit of detection in initial sediments
for four treatments (nAS_1, nAS_1,S_1,S_2).

visible sulfur content differences between surface and bottom sediment in the
starvation treatment (Fig. 3.19d).

3.6.6.2 Gill elemental content

At the end of L. orbiculatus growth experiment, there were no significant dif-
ferences in gills %C, %N and %S and as a consequences in C/N, C/S and N/S
ratio between each treatment of the growth experiment (Fig. 3.20a, b, ¢ and
Table. 3.15). In a previous study, both feeding of L. orbiculatus with microalgae
and starvation of L. orbiculatus in laboratory caused a loss of symbionts, which
was observed to stabilize after five weeks (Pales Espinosa et al., 2013). Lower
total sulfur percentage also resulted from starved L. orbiculatus (Oortwijn et
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al., 2022).

Table 3.15: Statistics on Loripes orbiculatus gill carbon, nitrogen and sulfur
content from the growth experiment. Feeding treatments: pA, microalgae; S,
Na,S; starv., starvation; 1 & 2, treatment replicates. p-value: *, < 0.05; **, <
0.01; ***, < 0.001.

%S %C %N C/S C/N N/S

Test of normality: Shapiro-Wilk

S_1 0.00128** 0.0494* 0.580 0.152 0.100 0.344

S_2 0.000888*** 0.00738**  0.0255*  0.00833**  0.365  0.00307**
starv. 0.565 0.849 0.284 0.738 0.0424* 0.791
pAS_1 0.476 0.0671 0.00478** 0.00351** 0.0301* 0.00183**
RAS_2 0.206 0.00489** 0.931 0.579 0.550 0.254
pA_1l 0.221 0.772 0.757 0.438 0.299 0.279

pA_2 0.00977 ** 0.0302*% 0.0313% 0.757 0.187 0.961
Test of homoscedasticity: Levene

All 0.6296 0.9361 0.9136 0.7635 0.7648 0.6707
Test of comparison: Kruskal-Wallis
All 0.12 0.817 0.873 0.108 0.604 0.136

L. orbiculatus and L. borealis gill sulfur content was not well correlated to
gill dry weight, nor with the sizes of specimens (Fig. 3.22). Also difference in
content in gills between the species, for similar sizes is observed (Fig. 3.22).

L. orbiculatus seems to have a higher capacity for sulfur accumulation.

3.6.7 Fluorescence in-situ hybridization on gill

Fixed gill samples for fluorescence in-situ hybridization (FISH) to estimate the
volume of bacteria within the gills could not be processed during the time of

the thesis unfortunately.
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Figure 3.20: Carbon, nitrogen and sulfide content of gills per treatment at the
end Loripes orbiculatus growth experiment. pA, microalgae; S, Na,S; 1 & 2,
treatment replicates.
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Figure 3.21: C/N, N/S and C/S ratio of gills per treatment at the end of Loripes
orbiculatus growth experiment. pA, microalgae; S, Na,S; 1 & 2, treatment
replicates.
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Table 3.16: Comparison of gills elemental composition of Loripes orbiculatus
collected in March 2023 and L. orbiculatus at the end of the growth experiment
of L. orbiculatus specimens which were collected the same day at the same lo-
cation. LO23, L. orbiculatus from the field collected in March 2023; Feeding
treatments: pA, microalgae; S, Na,S; starv,, starvation; 1 & 2, treatment repli-
cates.

S C N C/S C/N N/S
Test of normality: Shapiro-Wilk
See Tables 3.14 and 3.15
Test of homoscedasticity: Levene

All 0.9007 0.7058 0.5751 0.716 0.2535 0.5738
Test of comparison: Kruskal-Wallis
All 0.786 0.0429* 0.0679 0.22 0.000781*** 0.174
Tests post-hoc: Dunn, Bonferroni p-values adjusted
LO23S_1 1 0.187
LO23S_2 0.312 0.005 **
LO23 starv. 1 0.187
LO23 nAS_1 0.001*% 0.006**
LO23 nAS_2 0.240 0.201
LO23 pA_1l 1 1
LO23 nA_2 0.494 0.012*
LB22 LB23 LO22 LO23
6 y=1.7+0.0044 x y=28-0.33x y=21+011x y=25+0.04 x
R%=0.013 R%=0.3 R%=0.2 R%=0.16
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Figure 3.22: Gill sulfur content in function of gill dry weight and shell height
of lucines Loripes orbiculatus and Lucinoma borealis sampled in May 2022 and
March 2023 in Roscoff (France).
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Chapter 4

General discussion and

perspectives

4.1 Christineconcha regab abj-farming model

4.1.1 Parameter estimation

Both Christineconcha regab abj and abj-farming dynamic energetic models in
Chapter 2 successfully estimated a consistent parameter set using the add-my-
pet procedure (Marques et al., 2018). Thank to previous studies on this species
many data were available on both the host and its symbionts compared to other
deep-sea species; that made it possible to build such models. C. regab sulfur-
oxidizing symbionts were well integrated into initially developed abj model,
giving the abj-farming model. Symbionts related data (i.e., sulfur consump-
tion, fraction of bacteria in the the host gill and host/symbiont biomass ratio)
were well predicted from estimated DEB parameters of the abj-farming model.

Some uncertainties in the results remain in the life-span and the growth-
rate of C. regab: abj and abj-farming models predicted different growth rate
from the same input of growth-rate from a cohort analysis. DEB is a powerful
tool, if well calibrated: efforts to obtain additional data on growth rate are
necessary for C. regab, and globally for all deep-sea species.

A downside of the abj-farming model is its complexity in terms of num-
ber of parameters. Increasing the model complexity increases the chances to
obtain different minimum of the loss function during the estimation (i.e, dif-
ferent solutions). Hence, filters were added to keep the parameters inside a
“reasonable” parameter space, defined by educated/smart guess mixed by pre-
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conceived ideas led by our current knowledge (Augustine & Kooijman, 2019).
With the addition of filters, the final estimated parameter set dependency on
initial parameter set is increasing. Filters restrain the estimation. Therefore
better solutions (i.e., with a lower minimum) could exist in a parameter space
that is not reachable during the estimation procedure given initial parameter
set and given filters.

The number of steps chosen for the Nelder-Mead simplex estimation pro-
cedure also impacts the final estimated parameters. From the return of experi-
ences of DEB parameter estimations, it was suggested that using “first 200 and
then later 500, turned out to be much more robust than a single long series of
steps”, but this is a bit hazy (Augustine & Kooijman, 2019). The estimation of
abj-farming model parameters required the trial of different initial parameter
values, and to “play” with the step number to obtain a satisfactory parameter
set.

Some estimated parameter values had the tendency to be pull to unreal-
istic values, too high (e.g., symbionts food level > 10) or too low (e.g., vks <
0.00001) and were fixed to reasonable values. Some data might be “conflict-
ual” because of the assumption to keep one food level per site and not for each
sampling cruises. abj-farming model would require more application to un-
derstand the behavior of new symbiont parameters (e.g., vks). Manual testing
by trial and errors of some parameter values were required. Having more data
type per site at a given times, given temperatures and most importantly given
food levels would improve greatly the abj-farming model parameter estima-

tion.

4.1.2 abj-farming model hypotheses and assumptions

The assumption that the vesicomyid host feed mainly by digestion of its sym-
bionts was made to build the abj-farming model. However, there might be
some additional exchanges occurring between both partners as it was described
in the literature in other bivalve species (Ponnudurai et al., 2017; Sogin et al.,
2020). Omic studies (proteomics and genomics) of the hydrothermal vent mus-
sel Bathymodiolus azoricus and its symbionts suggested that sulfur-oxidizing
symbionts may provide its host with amino acid and cofactor (Ponnudurai et
al., 2017). If it was possible to maintain vesicomyid specimens alive, it would
be interesting to follow the carbon assimilation using marked carbon and to
highlight cell apoptosis rate as it was done in deep-sea vent mytilid Bathy-
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modiolus azoricus (Piquet et al., 2022).

Beside a good correlation between collected data and predictions made by
the abj-farming model in Chapter 2, assumptions and hypotheses of the abj-
farming model could be validated by model predictions followed by field ob-
servations. Consumption of sulfur and density of bacteria within host gills
could be predicted with the abj-farming model for a given host size. Then field
observations, if they are congruent with initial predictions, could validate the
abj-farming model, to some extent. Environmental sulfide and total sulfur in-
side hosts from different sites in the field could be measured to compare with
predicted symbiont food level by the model.

The abj-farming model was based on the hypothesis that the dynamics of
the symbionts were quicker than the host’s dynamics (e.g., growth rate). A
downside of symbiont fast dynamic assumption is that the variation of sym-
biont state variables (reserve and structure) cannot be dynamically studied.
The variations of reserve and structure were considered to go back quickly to
equilibrium (i.e., Ccll—f =0 and %—Y =0).

Host and symbionts reserve and structure composition were considered as
having the same composition for the sake of simplicity and because they were
unknown for C. regab symbiont. Or in reality they should not. For the host,
the assumption that its structure and reserve are of the same composition is
what is usually done in DEB models (“Add-My-Pet Species List”, 2024; Kooi-
jman, 2010). However, bacteria’s composition of reserve and structure com-
position should be different (Kooijman, 2010). High concentration of sulfur
have been found in vesicomyid species, including in C. regab (12.7% to 17.2%
of tissues dry weight, (Khripounoff et al., 2017)). Sulfur reserve was not in-
cluded into abj-farming model as there was a lack of data (i.e., unkown host
size and weight for a given percentage of sulfur of host tissues in the paper
(Khripounoff et al., 2017)). In future scientific campaign, sulfur concentration
in C. regab specimens should be quantified precisely using mass spectrometry,
for example as it has been done for lucines in Chapter 3 and a sulfur reserve
should be definitively added in C. regab abj-farming model.

The host is the one digging for sulfide in the sediment with its foot and
might control this way symbionts access to sulfide. This cannot be explicitly
defined in the DEB model because of a lack of data and knowledge on this
process. Omics studies showed the presence of transporters on the host foot
and it is believed that hypotaurine and thiotaurine play a key role in sulfide
transport via hemolymph in deep-sea symbiotic mytilid of the Bathymodiolus
genus (e.g., Bathymodiolus azoricus, B. boomerang, B. septemdierum and B. plat-
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ifrons) and vesicomyid bivalves species (e.g., Calyptogena magnifica) (Koito et
al., 2016; Kuroda et al., 2021; Pruski et al., 2000).

Homeostasis can be defined as the “maintenance of nearly constant conditions
in the internal environment” (Guyton & Hall, 2011). In nature there are a
lot of example of homeostasis to maintain one’s living organism consistency
(e.g., thermoregulation, osmotic regulation). The idea that a deep-sea symbi-
otic species could use some kind of homeostastic processes to keep food avail-
able for itself in an harsh environment such as deep sea would make sense.
Omics studies could help identify C. regab and its symbiont genes that could
be link to host farming and homeostastic strategies (e.g., genes involves in bac-
teriocytes cell apoptosis control, sulfide transport regulation).

4.1.3 Perspectives on Christineconcha regab traits

Functional traits of C. regab and its symbionts could be unraveled with the abj-
farming model developed in Chapter 2. However the Chapter 2 of this thesis
focused only on the dynamic relationship between the host and its symbionts.
The abj-farming DEB model coulb be used also to study additional host bi-
valve traits. Deep-sea species functional traits are highly valuables as there are
difficult to study.

A low level of genetic diversity between Regab and Lobes sites in the Gulf
of Guinea suggested a high connectivity between the sites (Hassan et al., 2023).
The pelagic larval duration (PLD) is the amount of time larvae stay in the wa-
ter column. PLD is used to approximate dispersal distance and population
connectivity (Cowen et al., 2007; Gaudron et al., 2021; McVeigh et al., 2017;
Young et al., 2012). With C. regab DEB model, the PLD could be estimated by
the time predicted between birth and end of metamorphosis (i.e., settlement
time, end of dispersal) (Gaudron et al., 2021). Knowing this estimation, it
would be interesting to see, for example, if a larva could reach a given site, us-
ing hydrodynamic models and scenario of dispersal strategies (McVeigh et al.,
2017). The hypotheses of dispersal strategy (e.g., demersal drift and/or dis-
persal near the surface (McVeigh et al., 2017)) could be verified by predicting
the location where the species could settle, followed by field verification. Ad-
ditionally, DEB provides useful tool to estimate food level at a site only from
specimens collection at a given temperature. This information could also help
unraveling settlement strategies of deep-sea larvae.

Total Reproductive Output (TRO) is “the total number of oocytes accumu-
lated during the lifespan of the species” (Gaudron et al., 2021). TRO could also
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be estimated under different scenarios of temperature and food level, giving an
estimation of the number of offsprings of a given population (Gaudron et al.,
2021).

4.2 Perspectives of the abj-farming model

4.2.1 Lead for Loripes orbiculatus DEB model develop-

ment

A conceptual model for mixotroph lucinid species Loripes orbiculatus has been
thought out in Chapter 3. Accordingly, lab experiments were carried out to
collect data on L. orbiculatus such as weight, length, gill sulfur content and
growth. L. orbiculatus gonad samples were fixed and sliced to estimate the
total reproductive output and lowest observed size and weight at first maturity.
Gills were also fixed to estimate symbiont density to be analyzed by FISH.
These samples have not been fully processed yet. Fluxes of oxygen, nitrogen,
carbon and sulfur content also remained to be measured.

Two food sources have to be modeled because of L. orbiculatus photosyn-
thetic and chemosynthetic based nutrition. The proportion between both food
sources could be modeled using isotopes stable data from the literature (see
Chapter 3). Host macrochemical equations have to be reviewed accordingly.
The sulfur-oxidizing symbiont macrochemical equations should also be re-
viewed with the add of an additional reserve for sulfur, as a state variable,
and symbiont fixation of nitrogen (Petersen & Yuen, 2020).

To summarize, remaining work consist of (1) collecting the missing data,
(2) defining state variables of the model (i.e., with differential equations) and
(3) conceptualizing and code in Matlab predictions for each data, (4) estimat-
ing parameters following the AmP procedure (Marques et al., 2018).

4.2.2 Bivalve functional traits, from shallow to deep sea

At present, a popular hypothesis is that shallow-water bivalves colonized deep-
sea hydrothermal vent and seeps through the intermediary of organic falls
(Distel et al., 2000). This hypothesis has been first advanced and supported by
phylogenetic studies on mytilid mussels (Distel et al., 2000). Organic fall mus-
sel diversity is higher than hydrothermal vents mussel diversity, based on the
current knowledge (Thubaut et al., 2013). Multiple habitat shifts from organic
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fall to cold-seeps and hydrothermal vent may have happened through evolu-
tion (Thubaut et al., 2013). Highly specialized adaptation of mussels to hy-
drothermal vents, the harshest deep-sea habitat, were suggested to be a “kind
of evolutionary dead end” of their lineage (Thubaut et al., 2013). For now, the
inverse radiation, from hydrothermal vent to organic falls, is not supported by
species samplings (Thubaut et al., 2013). Some species were found to live at
both hydrothermal vents and colds seeps, or cold seeps and organic falls but
not at vents and organic falls (Thubaut et al., 2013).

Once DEB models are applied to different symbiotic bivalve species, it
could be interesting to seek for patterns in parameters and life/functional
traits (e.g. sizes, growth-rates, reproduction rates, survival) of symbiotic species
compared to non-symbiotic species. Similarly, the different symbiotic bivalve
families could be compared and also their habitats (e.g., deep versus shallow
sea, cold seeps versus hydrothermal vent versus organic fall). These could help
increasing our understanding on how bivalve species adapted themselves to
the different chemosynthetic environments, and why some bivalve species are

symbiotic while others are not in the same environment.

4.2.3 abj-farming model applicability to other chemosym-
biotic species

The abj-farming model could be applied to other symbiotrophic species from
the deep-sea such as Siboglinidae, Bathymodiolinae and chemosymbiotic snails
that have similar feeding strategies: intracellular symbionts digestion in spe-
cialized organ which is thought to be their main source of food (Dubilier et
al., 2008; Sogin et al., 2020). The abj-farming model could be applied directly
to snails as there are no need for core modification of the abj-farming model.
Deep-sea symbiotic snails like Alviniconcha have a reduced digestive system
and house sulfur-oxidizing symbionts within their gills (Dubilier et al., 2008;
Laming et al., 2020). There are some evidence lysosomal digestion (Laming et
al., 2020). In the case of symbiotic bathymodiolin mussels, symbionts are con-
tained inside their gills and are digested, as vesicomyid clams (Dubilier et al.,
2008; Piquet et al., 2019; Sogin et al., 2020). The difference with vesicomyid
clam is that they possess two types of symbiont, sulfur and methane oxidizers
(MOX and SOX, respectively) (Duperron et al., 2016; Szafranski et al., 2015).
Methane should be included into symbiont macrochemical equations. MOX
and SOX can be modeled as a single entity, that would be the simplest way, or
they can be modeled separately. In symbiotic siboglinid tubeworms, that don’t
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have digestive system, sulfur-oxidizing symbionts are housed in their tropho-
some (Dubilier et al., 2008; Sogin et al., 2020). Using the abj-farming model,
bacterial density in siboglinid trophosome could be modeled as for the bivalve
gill bacterial density.

4.3 DEB and chemosynthetic environment chal-

lenges

4.3.1 Coastal challenges

Seagrasses and mangroves are threaten in some areas, mainly because of cli-
mate change, coastal development, pollution causing poor water quality. The
lucinid, as they were observed to facilitate seagrass growth and are key species
in mangroves ecosystems (see Chapter 3), can be used as a “tool” of restoration
of these fragile ecosystems. With DEB, the contribution of lucines in term of
sulfidic soil detoxification and nutrients supply could be estimated using DEB.
The population dynamic of lucines could be studied with DEB-IBM (individual
based model) and scenarios of climate change and anthropogenic disturbance
could be made (De Cubber et al., 2023; Martin et al., 2012; Yang et al., 2022).
Scenarios could help to determine temperature and nutrient thresholds of lu-
cine populations, and thus their resiliency. The results of such studies could
help designing restoration and/or managing these ecosystems.

4.3.2 Deep-sea chemosynthetic ecosystems challenges

There is still an important knowledge gap about deep-sea ecosystems func-
tioning and resiliency. As most of deep-sea chemosynthetic ecosystems are
located beyond states jurisdiction (>200 miles from the territorial sea base-
line defined as the low-water line) and as the interest for deep-sea resources is
skyrocketing (such as for polymetallic nodules (Fig. 4.1), polymetallic sulfides
and cobalt-rich ferromanganese crusts), protection of the biodiversity while
exploiting deep-sea resources are nowadays one of the top priority (“Interna-
tional Seabed Authority”, 2024). Since nearly one century, an effort has been
made by the United Nations to codify the law of the sea, including sea beyond
states jurisdiction. However deep-sea biodiversity concern in United Nations

treaties is something very recent.
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Figure 4.1: Deep-sea polymetalic nodules. (Ifremer (2004)
https://image.ifremer.fr/data/00424/53575/).

In 1958 in Geneve was held the first United Nations Conference on the
Law of the Sea I (UNCLOS I) that led to four treaties, including the Con-
vention on the Territorial Sea and Contiguous Zone, The Convention on the
Continental Shelf, the Convention on the High Seas, and the Convention on
Fishing and Conservation of Living Resources of the High Seas. However there
was nothing yet about deep-sea resources exploitation and conservation (Site
national de la Convention sur la diversité biologique, 2024; United Nations
Treaty, 1958). In 1960, the UNCLOS II in Geneve was a failure as no new
agreements were reached. The 10th of December 1982, the UNCLOS III in
Montego Bay led to the Convention on the Law of the Sea that came into force
the 16" of November 1994 (United Nations Treaty, 1994). In the part V of
this convention were notably defined the ZEEs (Zone Economic Exclusives).
Articles 61 to 68 are dedicated to state resource management and conserva-
tion. Section 2 of part VII is dedicated to the “conservation and management
of living resources” of the High Seas, however not sufficiently. Another impor-
tant advancement was that for the first time, something was written about the
deep-sea seabed and ocean floor beyond national jurisdiction, named the Area,
in The part XI of Convention on the Law of the Sea. The Area and its resources
(i.e., “solid, liquid, gaseous mineral resources in situ in the Area at or beneath
the seabed, including polymetalic nodules”) are defined as the “common her-
itage of human kind”. The ISA (international seabed authority) is the authority
in charge of delivering contract to explore the Area for polymetallic nodules,
polymetallic sulfides and cobalt-rich ferromanganese crusts (Fig. 4.2) (“Inter-
national Seabed Authority”, 2024). At this time, only 13 areas of particular
interest (APEIS) were created by the ISA, all in the Clarion-Clipperton Zone
(CCZ) in the Pacific Ocean (“International Seabed Authority”, 2024).
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Last year, as a result of international negotiations of the Biodiversity Be-
yond National Juridiction (BBNJ) process, the Agreement under the United
Nations Convention on the Law of the Sea on the Conservation and Sustain-
able Use of Marine Biological Diversity of Areas beyond National Jurisdiction
was adopted in New York on the 19th of June 2023, which was an historic
breakthrough (United Nations Treaty, -). The agreement is yet to be ratified
by the parties and will be implemented 120 days after the 60 ratifications.
The agreement stipulates the creation of network of protected areas. Scientific
tools to estimate the connectivity between the protected areas and to deter-
mine functional traits are needed to create such network (Hilario et al., 2015;
Howell et al., 2020). DEB models could be useful tools to reach those goals,
estimating functional and life traits, and the pelagic larval duration (i.e., the
time the larva stay in the water column before settling to the seafloor). These
informations, coupled with hydrodynamic models on the sea-floor and in wa-
ter column and DEB-IBM models, could help estimating the larval dispersal
and the connectivity between different populations more or less close/patchy
and help designing protected areas. The impact on food and temperature dis-
turbances on the connectivity could be studied through the impact of food and
temperature on the estimated pelagic larval duration with DEB. That could
also be studied at the population level using DEB-individual population mod-
els (DEB-IBMs) (De Cubber et al., 2023; Martin et al., 2012). Working first on
coastal species could help validate the dynamic of the symbiotic models.

4.4 Conclusions on scientific contribution

This work studied the dynamic relationships between a bivalve host and its
chemosynthetic symbionts in function of two environmental forcing variables
(food level and temperature) using a bioenergetic model which is a great great
step forward in the field as only a few paper have been published: a conceptual
vesicomyid model based on energy fluxes (Goffredi & Barry, 2002) and a fully
developed model based on chemical elements fluxes on the deep-sea mytilid
Bathymodiolus azoricus (Husson et al., 2018; Martins et al., 2008). Compared
to these models, DEB modeling bring another dimension into the modeling of
host-symbiont relationships as it takes into account the whole life cycle of the
host. This model unravels life traits of such hard to study species and has lots
of possible uses and applications to help increasing the knowledge and could
help in designing protected areas. The results of the developed abj-farming
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DEB model support that, in the case that the vesicomyid Christineconcha re-
gab is indeed mainly feeding by the digestion of its symbionts, its nutritional
relationship with its symbiont might be based on a kind of homeostasis. Sym-
bionts might be farmed by the host in order to meet its needs. Data necessary
to integrate sulfur-oxidizing symbionts within a DEB model for lucinid bivalve
Loripes orbiculatus have been collected and a conceptual model for the species
was described.

This thesis illustrated the wide range of applications and potential of using
DEB theory to investigate symbiotic relationships and presents guidances for

future work.
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