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[Introduction ]

Je n'ai pas "toujours" voulu faire de l'océanographie. En arrivant a 1'Universite, mes gouts
m'ont porté vers la biologie de fagon générale, et ce n'est qu'en en 3™ année avec une option
marine (L3, Licence de Biologie des Organismes) et vraiment en Maitrise (M1, Maitrise des
Biologie des Organismes et des Populations, Mention Ecologie Marine) que je me suis
orientée vers l'océanographie. Au cours de cette année, j'ai fait un stage de maitrise
passionnant sur les grands dauphins de I'lle de Sein, a la suite duquel, on m'a fait comprendre
que cette thématique n'offrait pas vraiment de débouchés! Mais j'avais mis les pieds dans la
biologie marine et j'ai donc postulé pour un stage de DEA (M2) dans le laboratoire de
Biologie Marine de 'UPMC, dirigé par Frangoise Gaill.

N'ayant pas été prise en DEA cette année-la (1995-1996), j'ai fait un an de stage au
laboratoire pendant lequel j'ai découvert les écosystémes hydrothermaux, par des approches
de laboratoire, mais aussi de mes propres yeux puisque j'ai eu la chance de partir sur ma
premiére mission océanographique (Larva 95 avec Lauren Mullineaux et Chick Fischer) sur la
Dorsale Est Pacifique, et de réaliser ma premicre plongée dans 1'Alvin! Mise dans le bain
passionnante quoique un peu abrupte car je parlais assez mal anglais a 1'époque et ne
connaissais quasiment rien a l'environnement hydrothermal! Au cours de cette année, puis de
mon année de DEA (Adaptations et Survie en Environnements Extrémes, a 1'Université d'Aix-
Marseille), j'ai été formée a la microscopie photonique et électronique et j'ai travaillé sur les
caractéristiques morpho-fontionnelles du tube de Lamellibrachia sp., annélide siboglinidé
inféodée aux suintements froids. Mes travaux ont apporté des données sur l'ultrastructure du
tube et ont ét¢ intégré a une publication sur la perméabilité du tube de cet organisme (Julian et
al. 1999), montrant un prélévements des sulfures, non pas par le panache branchial, comme
chez Riftia pachyptila, mais a travers la partie de son tube enfouie dans le sédiment, ou la
concentration en sulfures est nettement plus élevée qu'autour des branchies.

Ayant été happée par ces environnements fascinants, j'ai souhaité poursuivre en thése au
sein de cette équipe. N'ayant pas eu de bourse de thése, j'ai eu la chance, grace a Sylvie
Tufeu-Marull, de pouvoir étre financée pendant ma thése en travaillant & mi-temps, comme
technicienne en microscopie, pour les laboratoires Yves Rocher. Quatre ans de thése, ou j'ai
beaucoup appris sur différentes techniques de microscopie, les cheveux, la peau, et en méme
temps sur les interactions biogéochimiques de l'annélide Avinella pompejana avec son
environnement!

[ Activités de recherche ]

1. Travaux de these: Alvinella pompejana

Au cours de ma thése (1997-2001), je me suis intéressée aux interactions
biogéochimiques en milieu hydrothermal, avec pour modele d'é¢tude l'annélide Alvinella
pompejana. L'objectif de ce travail était, via 1'étude des minéralisations internes et externes
associées au tube sécrété¢ par l'animal, d'approcher les conditions du micro-habitat de cette
espece. A. pompejana colonise la paroi des cheminées hydrothermales actives, environnement
hypervariable, chaud et soumis en permanence a une pluie de particules minérales qui
précipitent lors du mélange entre le fluide hydrothermal chaud et I'eau de mer froide.
L'utilisation de modules de colonisation a permis de montrer que ces animaux, bien que



sessiles, ont des capacités de sécrétion de tube et donc de migration le long de la paroi des
cheminées extrémement élevées (croissance du tube de 1 cm/jour). La mise au point de
méthodes pour l'observation et l'analyse a I'échelle microscopique de matériaux biologiques
fortement minéralisés m'a permis de montrer I'existence de nanocristaux de sulfures de zinc
dans 1'épaisseur du tube, trés différents (en taille et en composition) des minéralisations
retrouvées sur la surface externe de celui-ci. Ces résultats témoignent d'un micro-
environnement a 1'intérieur du tube trés différent du milieu environnant, ce qui suggere que le
tube agirait comme une barriére efficace entre I'animal et son environnement externe et
pourrait expliquer la capacité exceptionnelle de ces animaux a coloniser ce biotope hostile
(Zbinden et al. 2001, 2003; Le Bris et al. 2005).
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TRAC sur le site Pulsar (13°
al. 2005), et colonisation par des Alvinella sp. sur le
site Mvent (9°N/EPR).

L'utilisation des modules de colonisation a également permis I'é¢tude des processus de
colonisation de substrat vierge par les micro-organismes (en collaboration avec les
microbiologistes de I'Ifremer, Alain et al. 2004) et par la macrofaune (Pradillon et al. 2005,
2009).

2. Post-doctorat et suite: Rimicaris exoculata et ses symbiontes chimioautotrophes.

C'est lors de mon post-doctorat, au Laboratoire de Morphologie Fonctionnelle et
Evolutive de l'Universit¢ de Liége, que j'ai commencé a travailler sur la symbiose de
Rimicaris exoculata, sous la direction de Philippe Compere. Travail que j'ai continué depuis
lors, dans 1'équipe de Francoise Gaill au sein de 'UMR SAE 7138 Systématique, Adaptation
et Evolution, puis dans 1'équipe de Bruce Shillito au sein de 'UMR BOREA 7208 Biologie
des ORganismes et Ecosystémes Aquatiques, et cela en collaboration étroite avec Marie-Anne
Cambon-Bonavita de Laboratoire de Microbiologie des Environnements Extrémes de
I'Ifremer de Brest.

Ce mod¢le a constitué le ceeur de mes recherches depuis 14 ans et je présenterai 1'ensemble
de ces travaux sous la forme d'une revue (rédigée en anglais a des fins de publication) sur ce



modele, incluant aussi bien mes travaux et collaborations que les travaux des différents
auteurs ayant fait avancé nos connaissances sur cette crevette si étonnante!

3. L'axe Bois Coulés et les autres symbioses chimiosynthétiques

Lors de la création de 'UMR Systématique, Adaptation, Evolution (direction H. Leguyader
/ F. Gaill) en 2002, des axes transversaux ont ét¢ développés pour fédérer les équipes autour
de thémes communs. Un de ces axes concernait 1'étude de bois coulés et de leur faune
associée.

L'existence de débris végétaux et d'une faune associée originale et abondante a été
documentée jusque dans les grands fonds marins dés les premiéres grandes expéditions de
circumnavigation (Expédition Challenger 1873-1876, Expédition Galathea 1950-1952). Mais
en dehors des inventaires faunistiques liés aux expéditions, peu d'études se sont penchées sur
ces organismes, longtemps considérés comme de simples curiosités. Ces écosystémes ont
connu un fort regain d'intérét en 2000, quand Distel et collaborateurs ont souligné les affinités
¢volutives de moules hydrothermales avec celles trouvées sur les bois coulés et les os de
baleines.

Le co-encadrement de la thése de Marie Pailleret avec des collégues de paléobotanique (J.
Broutin et C. Privé-Gil, UMR5143) nous a permis de nous intéresser a la fois a la colonisation
faunistique des bois coulés, mais également a la structure méme du bois et sa dégradation
sous l'action des bactéries, des champignons et des animaux (Pailleret et al. 2007a, b; Palacios
et al. 2006, 2009; Dupont et al. 2009; Fagervold et al. 2012).

En collaboration avec d'autres collégues, je me suis intéressée a un certain nombre
d'organismes associés a ces bois coulés et présentant des symbioses cellulolytiques et/ou
chimioautotrophes: oursin (Becker et al. 2009), galathées (Hoyoux et al. 2009, 2012), patelle
(Zbinden et al. 2010) ou encore chitons (Duperron et al. 2013).

Colonisation d'un bois coulé par Pectinodonta sp. Dégradatlbn bactérienne de cellules de palétvier
(Zbinden et al. 2010). immergé expérimentalement pendant 20 mois

(cliché MET Palacios et al. 2009)
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Rimicaris exoculata, a symbiotic shrimp from hydrothermal vents : Review of its
biology, ecology, physiology.

1. Presentation

1.1. Distribution

The discovery of hydrothermal vents on ocean ridge crests in 1977, off the Galapagos
Islands, was quickly followed by vent discoveries along the East Pacific Rise (EPR)
(Lonsdale 1977; Corliss et al. 1979). But the exploration of the Mid-Atlantic Ridge (MAR)
only started in 1985. Faunal assemblages were there very different from those found a few
years earlier on the EPR. They were characterized by the absence of alvinellids and
vestimentiferan tubeworms, and the presence of important motile swarms of shrimp (Fig. 1a)
of the family Alvinocarididae, in particular Rimicaris exoculata, which dominates by far
populations of the deep MAR vent fields (Van Dover et al. 1988; Segonzac 1992; Gebruk et
al. 1997a; Desbruyeéres et al. 2001).

Rimicaris exoculata (Williams & Rona, 1986) is reported on most of the north MAR sites,
except the shallowest ones (Fig. 1b and Table 1): Menez Gwen (850 m depth) and Lucky
Strike (1700 m depth), where only very few specimens were observed (Gebruk et al. 2000;
Pond et al. 2000a, b). It also occurs on two sites of the south MAR, at depths between 2300
and 4200m.

o :
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Figure 1: a) Rimicaris exoculata swarm at the TAG site (© Exomar / Ifremer) b) Distribution map of R.
exoculata populations along the Mid-Atlantic Ridge, with density informations from the less (yellow) to the
more (red) colonised sites (modified from Desbruyéres et al. 2006).

Table 1 : Location of MAR vent fields hosting Rimicaris exoculata (data from InterRidge database:
http://vents-data.interridge.org/)

Vent field Latitude Longitude Depth Shrimp Discovery
(m) density
Moytirra 45°28' N 27°51' W 2900 ok 2011
Lucky Strike 37°17' N 32°16'W 1740 * 1993
Rainbow 36°16' N 33°54' W 2320 otk 1986
Broken Spur 29°10'N 43°10' W 3100 kx 1993
TAG 26°08' N 44°49' W 3670 roakx 1986
Snake Pit 23°22'N 44°57 W 3500 roakx 1985
Logatchev 14°45' N 44°58' W 3050 ok 1994
Achadze 12°58' N 44°51' W 4200 * 2003
Ascension 4°47' S 12°22' W 2990, roE 2005
(Wideawake, Red Lion) 3048

Shrimp densities based on personnal observations, Desbruyéres et al. 2000 and Wheeler et al. 2013
* 1 very rare or not observed during the most recent cruises, ** : rare, ***: abundant, ****: very abundant



1.2. Habitat

R. exoculata, the most extensively studied hydrothermal shrimp species to date, occurs on
the active chimney walls, in amazingly dense swarms that may contain 1500 to 3000
individuals per square meter (Fig. 1a), packed side by side and piled two or more deep (Van
Dover et al. 1988; Segonzac 1992; Copley et al. 1997; Gebruk et al. 1997a; Gebruk et al.
2000). Adults of Rimicaris exoculata are generally found crawling on the substratum (Rona et
al. 1986; Segonzac et al. 1993), and maintain high levels of activity on active surfaces of
black smokers (Van Dover et al. 1988). When displaced from the substratum, shrimp
immediately seek to re-establish themselves near the source of hydrothermal fluid (Van Dover
et al. 1988; Renninger et al. 1995), resulting in a teeming swarm oriented against the current
of vent fluids (Copley et al. 1997). This species lives within steep chemical and thermal
gradients, where hot, reduced hydrothermal fluid mixes turbulently with oxygenated seawater
(Schmidt et al. 2008b). Thermal environment within the swarms has been well documented
and reported temperatures range from 2.8 to 30°C (Van Dover et al. 1988; Segonzac et al.
1993; Desbruyeres et al. 2001; Geret et al. 2002; Zbinden et al. 2004; Schmidt et al. 2008a).
Nevertheless the measursments achieved within a few centimetres of the shrimp (Zbinden et
al. 2004; Schmidt et al. 2008a) do not exceed 18°C. Occasional shrimp occur scattered at the
periphery of community, rather motionless, where temperature is just above that of ambient
seawater (2.4°C) (Gebruk et al. 1993; Segonzac et al. 1993).

Rimicaris colonizes sites along the MAR with chemically contrasted environments (Table
2). Most active hydrothermal sites known to date are basaltic, i.e. based on underlying rocks
of basaltic nature. Water-rock interactions at basalt-hosted vents release fluids rich in H,S, but
rather depleted in H, and CH4. On the other hand, the hydrothermal circulation at ultramafic
sites (Rainbow, Logatchev, Achadz¢) is hosted on mantle rocks. As a result, the fluid
composition departs from the basaltic end—members, and is relatively depleted in H,S and
enriched in H,, Fell and CHa, as a result of the serpentinization processes (Charlou et al.
2002, 2010; Douville et al. 2002). Thus, the chemical composition of the Rimicaris habitat
varies strongly between the different sites. /n situ measurements of temperature, pH, ferrous
iron and sulphide concentrations in the shrimp’s environment reflected the moderate
contribution of the fluid in the mixing with seawater (Zbinden et al. 2004). Analyses on the
Rainbow site give near-neutral pH (6.3-8), high level of ferrous-iron (0.13-265 uM) and low
level of sulphide (0.4-22 uM) (Geret et al. 2002, Zbinden et al. 2004, Schmidt et al. 2009).
Little or no data are available for other hydrothermal sites (see Schmidt et al. 2008a, b for
TAG data).

1.3. Brief morphological description

Here is a brief description of specific morphological characteristics of the species,
according to Williams and Rona (1986), Segonzac et al. (1993) and Komai and Segonzac
(2008) (Fig. 2). The size (total length measured from the anterior tip of the cephalothorax to
the end of the telson) ranges from 31.3 to 50.2 mm for males, from 42.3 to 57.4 mm for
females, and from 23 to 47,4 mm for juveniles. The rostrum is strongly reduced. The
antennular and antennal peduncles are hypertrophied. The cephalothorax is dorsoventrally
compressed, distinctly broader than pleon, with strongly inflated branchial regions. The
carapace extends forward and ventrally and encloses cephalic, but also anterior thoracic
appendages up to the second pair of pereiopods, in an almost closed "prebranchial" chamber.
The structure of the mouthparts is particularly modified : exopodites of the second maxilla
and first maxillipeds are enormously expanded anteriorly, occupying two third of the
prebranchial chamber. They are entirely covered on both sides with long and numerous setae.
The mandibles have regressed. The two first pereiopods are relatively small and probably
cannot extend out of the branchial chamber. The stomach is reduced in volume. The ocular
region, strongly modified, is characterized by transverse ocular plates, with no eye-stalks.



The name Rimicaris came from the latina "rima", meaning rift or fissure, with reference to
the Mid-Atlantic Ridge, and from the greek "karis", meaning shrimp. Exoculata came from
the latina "exoculo", meaning deprived of eyes (Williams and Rona 1986).

Figure 2: Rimicaris exoculata. a) Drawing of the lateral view (from Williams and Rona 1986). b) Dorsal
view showing the carapace with a branchial region strongly inflated. Scale bar: b= 1cm

1.4. Classification

The genus Rimicaris was originally established (in the family Bresiliidae) for two species
discovered from the hydrothermal vent field TAG (Tans- Atlantic Geotraverse) on the MAR :
Rimicaris exoculata (Williams and Rona 1986) and R. chacei (Williams and Rona 1986). The
former was designated as the type species of the genus. Rimicaris chacei was later transferred
to the genus Chorocaris (Martin and Hessler 1990). The genus Rimicaris was later assigned
to the family Alvinocarididae (Christoffersen 1986; Segonzac et al. 1993; Komai and
Segonzac 2003), and a new subfamily (Rimicaridinae) comprising the genus Rimicaris was
erected in 2015 by Vereshchaka and collaborators.

Two species, first described as 1) Rimicaris aurantiaca (Martin, Signorovich and Patel
1997), described from Snake Pit site (from 20 specimens ranging from 21.5 to 26.8 mm in
total length), and 2) lorania concordia (Vereshchaka 1996), described from TAG site (from
26 females ranging from 8.0 and 9.2 mm in total length), were subsequently assigned to
Rimicaris exoculata. Nuckley et al. (1996) also assigned these small orange shrimp to
Rimicaris sp., based on a detailed study of their unusual visual apparatus. Some workers
(Segonzac et al. 1993) have early suggested that these small orange individuals may
correspond to juvenile stages of R. exoculata. Their opinion was based on: (i) the absence of
females with eggs and mature males with developed appendix interna in samples of the small
orange shrimp; and (ii) maximum carapace length of the small orange shrimp which overlap
with minimum carapace length of adult R. exoculata, suggesting the two are different stages
of the same species. Allozymes and mitochondrial DNA sequences of samples from Broken
Spur, TAG and Snake Pit sites further confirmed that these two small orange shrimp were
indeed juveniles of R. exoculata (Creasey et al. 1996; Shank et al. 1998). The very different
coloration (bright orange, due to the high content in astaxanthin carotenoidin pigments in the
hepatopancreas, Neégre-Sadargues et al. 2000) and morphology (the slightly inflated
branchiostegites and oval rather wing-shaped dorsal organ in juveniles (Vereshchaka 1996;
Nuckley et al. 1996; Shank et al. 1998)) explain these taxonomic confusions (Martin and
Haney 2005). It is now established that Rimicaris aurantiaca and lorania concordia indeed

correspond to one of the four stages of R. exoculata juveniles described by Komai and
Segonzac (2008).



Up to 2015, there were 3 species is this genus : R. exoculata, R. kairei (decribed from
hydrothermal vent fields "Kairei" on the Central Indian Ridge, Watabe and Hasimoto 2002)
and R. hybisae (decribed from hydrothermal vent fields on the Mid-Cayman Spreading
Centre, Nye et al. 2011). In 2015, using both morphological and molecular (COI and 16S
ribosomal markers) approaches on all the 31 known species of Alvinocarididae, Vereshchaka
and collaborators synonymized all the genus Chorocaris with Rimicaris (which was already
proposed by Creasey et al. in 1996, Shank et al. 1999 and Teixeira et al. in 2013, and
discussed by Komai and Tsuchida in 2015). This included 6 new species in this genus : R.
chacei (its initial classification in 1986 by Williams and Rona), R. paulexa (Martin and Shank
2005), R. parva (Komai and Tsuchida 2015), R. vandoverae (Martin and Hessler 1990), R.
variabilis (Komai and Tsuchida 2015) and R. susannae (Komai, Giere and Segonzac 2007).
None of these 6 new Rimicaris possess the enlarge gill chamber observed in R. exoculata, R.
kairei and R. hybisae. Their scaphognathites are moderately broad and devoid of facial
bacteriophore setae (except for R. vandoverae and R. chacei) and no bacterial colonisation of
the gill chamber was described for these species until now, except for R. chacei (Casanova et
al. 1993; Gebruk et al. 2000).

2. A double symbiosis

Two microbial epibiotic community have been described associated with R. exoculata.
One is located located in the gut, the other in the gill chamber.

2.1. Digestive tract

Morphological descriptions of the digestive tract of R. exoculata reveal a small stomach
with few grinding structures, arguing for a low mechanical digestive activity (Segonzac et al.
1993; Durand et al. 2010). The midgut, i.e. the central digestive absorption zone deprived of a
cuticle, represents two thirds of the total length of the digestive tract, and is significantly
longer than in most crustaceans (Durand et al. 2010).

The first studies examining the digestive tract of R. exoculata reported together a high
sulfur mineral content, typical of chimney walls (chalcopyrite CuFeS,, pyrite FeS, and
sphalerite ZnS), along with iron oxides (Van Dover et al. 1988; Segonzac et al. 1993) (Fig.
3a, b). Elevated bacterial densities was also reported in the stomach (10° cells per ml of
stomach content, Van Dover et al. 1988) and increasing still in the mid- and hindgut (Polz et
al. 1988). A high CO, fixation rate in the mid- and hindgut suggested that a highly active
chemoautotrophic bacterial population in the gut could be a nutritional source (Polz et al.
1998), using the polymetallic sulphide content of the gut as an energy source.

Shrimp cuticle fragments were also observed in the gut content (Zbinden et al. 2004). A
possible eating of freshly moulted exuviae to ingest associated bacteria was suggested, but as
the bacterial coverage decreases beneath the iron oxyde crust before moult (Zbinden et al.
2004; Corbari et al. 2008a), it seem more likely that Rimicaris eats the exuvium to recover the
minerals (e.g. calcium) contained in the cuticle, as it happens in other crustaceans (Steel 1993;
Corbari et al. 2008a).

Stomach bacteria seem to be under a digestion process, as bacterial DNA and
lipopolysaccharids were detected (Van Dover et al. 1988; Durand et al. 2010) but SEM and
TEM observations failed to show intact microorganisms (Van Dover et al. 1988; Zbinden and
Cambon-Bonavita 2003). On the other hand, midgut bacteria were shown to belong both to a
transient and a specific resident gut microflora (Zbinden and Cambon-Bonavita 2003; Durand
et al. 2010). A dense bacterial population of long thin (0.2 um x 15 pm) single-celled bacteria
is present between the microvilli of the midgut epithelium (Durand et al. 2010) (Fig. 3c, d).
This population is separated from the bolus by the peritrophic membrane and is thus not part
of the shrimp diet, at least through a digestion process. As the midgut is deprived of cuticle,
and thus not subject to exuviation, this probably favours long-term microbial colonization and
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interactions of this resident microbial community with its host (Durand et al. 2010). Intact
rods and cocci were also observed within the gut content (Zbinden and Cambon-Bonavita
2003). Pond et al. (1997a) suggested that the gut bacteria could contribute to the animal's diet
not through a digestion process but rather through the provision of essential dietary
components.

- .. &Y )= L
Figure 3: R. exoculata gut epibionts. a) Semi-thin section in the midgut showing the mineral black and brown
mineral particles (respectively iron sulphides and oxides). b) Closer view on the epithelium showing the
abundance of filamentous epibiotic bacteria (b) all around the section. ¢) SEM view of the epibionts (picture L.
Durand). d) TEM observations of the bacterial gut epibionts (b) inserted bewtween the microvilli (mv).
Scale bars : a=50pm, b=20 um,c=5 pm,d =2 um

The bacterial diversity in the midgut is dominated by only 3 major groups, Defferibacteres,
Mollicutes and Epsilonproteobacteria (and to a lesser extent Gammaproteobacteria) (Zbinden
and Cambon-Bonavita 2003, Durand et al. 2010), and is low compared to that of the
environment (Durand et al. 2015). Those 3 lineages were also still present after a 72 h
starvation experiment leading to a completely empty gut, and were then designated as resident
epibionts (Durand et al. 2010) rather than transient microflora. The two former phylotypes,
absent from the environment (except for one clone collected close to shrimp aggregates
(Higler et al. 2011)), could be specific and selected bacterial resident community (Zbinden
and Cambon-Bonavita 2003; Durand et al. 2010, 2015). Conversely, Epsilonproteobacteria
gut and gill chamber epibionts were similar, suggesting a part of it could be directly acquired
from the gill chamber and may thus be a transient community remaining thanks to a
permanent ingestion process (Durand et al. 2015). As no clear hybridization response could
be obtained on the thin filamentous bacteria inserted between the microvilli, their phylotype
assignation remains uncertain (Durand et al. 2010). Starvation experiments emptying the
bolus eliminate most of the Deferribacteres, arguing that the filaments do not belong to this
group. Mollicutes are suspected, based on their morphology, but this has not been proved
(Durand et al. 2010).

Beside the trophic role, a detoxification role of minerals or heavy metals has been
proposed for the gut bacteria (Durand et al. 2010).
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2.2. Cephalothorax

2.2.1. Localisation

Bacteria colonise almost all the available surfaces of the branchial chamber (Fig. 4a), with
the notable exceptions of the gills and the inner side of the branchiostegites facing them
(Zbinden et al. 2004). Bacteria are mostly present on the bacteriophore setae of the dorsal and
ventral sides of hypertrophied exopodites of the second maxilla (scaphognathites) and first
maxillipeds (Fig. 4b, c¢), as well as on the internal tegument of the carapace (branchiostegite)
at the level of the prebranchial chamber (Fig. 4d, e¢) (Casanova et al. 1993; Segonzac et al.
1993).

bacterial coverage

dorsal eye
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Branchiostegite|

Scaphognathite
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(=) Vi Exopodite
Q /

e,

Figure 4 : R.exoculata epibiotic bacteria of the cephalothorax. a) Schematic cross-section of the
cephalothorax (modified from Segonzac et al. 1993). b) Scaphognathite covered by bacteriophore setae. c) SEM
close-up on a seta covered by filamentous bacteria. d) Inner side of the banchiostegite (where we can see the 3
area described below : 1, 2, 3) (picture P. Compére). ¢) SEM close-up on the mat of filamentous bacteria of the
third area. Scale bars : b, d =2 mm, ¢ =20 um, ¢ = 100 pm

Investigation of bacteria by Scanning Electron Microscopy (SEM) on the inner side of the
branchiostegite revealed 3 distinct compartments in the gill chamber (Fig. 4d): (1) the lower
pre-branchial chamber, housing only a thin bacterial coverage; (2) the ‘true’ branchial
chamber, containing the gills and completly devoid of bacteria; and (3) the upper pre-
branchial chamber, housing the main ectosymbiotic bacterial community. The limit between
the upper and lower pre-branchial chamber corresponds to the position of the exopodites of
the first maxillipeds, the scaphognathites being entirely enclosed in the upper pre-branchial
chamber (Zbinden et al. 2004). The water current, generated by the beating of the
scaphognathites, enters ventrally, passes from the lower pre-branchial chamber (first
compartment), to the gills (second compartment), and then through the upper pre-branchial
chamber containing the epibiont community (third compartment), bringing both oxygenated
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seawater to the shrimp gills and dissolved reduced compounds to bacteria (Casanova et al.
1993; Segonzac et al. 1993; Zbinden et al. 2004).

Using oligonucleotide slot-blot hybridization, Polz and Cavanaugh (1995) estimated that
an average shrimp would carry 8.5x10° bacteria, which would correspond to 2 to 4x10"!
bacteria per m” in the swarms.

2.2.2. Chemosynthetic symbiosis

As light does not penetrate deeper than the first few hundreds meters depth of the ocean,
hydrothermal ecosystems are devoid of local photosynthetic production, which usually fuels
the ecosystems on Earth. It was quickly evidenced that bacterial chemosynthesis was the
major, if not the sole, food source for the unusually rich bottom fauna clustered around the
vents (Jannasch and Wirsen 1979). The food web of these communities is based on
chemoautotrophic bacteria living upon reduced compounds (mainly sulphur and methane,
Nelson and Fischer 1995) that are leached by superheated water from surrounding rocks. If
suspension feeders or grazers consume bacteria directly, one of the most striking feature of
the hydrothermal environment is the number of species that have established symbioses,
cultivating their bacteria either within their tissues or on the external surface of their bodies.
For Jannasch (1985), chemosynthetic symbioses account for the major part of the total
primary production at the deep-sea vent sites.

One of the best studied symbioses of these ecosystems is that of Rimicaris exoculata which
harbors a dense bacterial community within its cephalothorax and on its buccal appendages.
While several endosymbioses had already been studied and demonstrated at the time of
Rimicaris discovery (as in the vestimentiferan tubeworms or the vesicomyid clams,
Cavanaugh et al. 1981; Cavanaugh 1983), ectosymbioses were not commonly reported and
had only been described from EPR species like the polychaete Alvinella pompejana
(Desbruyeéres et al. 1983) or the limpet gastropod Lepetodrilusus fucensis (de Burgh & Singla
1984).

2.2.3. Trophic symbiosis

The enormous densities of R. exoculata on the MAR, and their dominance on many sites
rapidly raised questions on how these populations were sustained. Furthermore, these shrimp
cluster close to the zone of mixing between the hot fluid and seawater, displaying an intense
activity, quite unusual for deep-sea organisms (Segonzac 1992). This peculiar behaviour led
several authors to question benefit shrimp could obtain from it.

The first investigations on the feeding biology of Rimicaris exoculata led Van Dover et al.
(1988) to propose that these shrimp were normal heterotrophs, grazing on free-living
microorganisms colonizing the black smoker chimneys. This conclusion comes from: 1) the
results of lipopolysaccharide assays that revealed large amount of bacterial cell-wall material
in the stomach content, along with the fact that the gut is filled by sulphides particles; 2) the
8N and &S isotopes; and 3) the fact that they were unable to detect trace of
chemoautotrophy (i.e. ribulose-1,5-bisphosphate carboxylase activity) in the studied tissues
(gut, hepatopancreas, gonads, abdominal muscles). These authors, looking only for
chemoautotrophic endosymbiotic bacteria, nevertheless acknowledged that they possibly had
not identified the correct host tissues. They also reported the occurrence of a dense coating of
filamentous microorganisms on the setae of the exopodites of the second maxilla and first
maxilliped, which they proposed to constitute a second nutritional source.

It rapidly became obvious that if shrimp occupied a substratum directly exposed to the
flow of hydrothermal flow, it was to sustain chemosynthetic primary production of the
epibiotic chemosynthetic bacterial community that they harvest in their cephalothorax
(Gebruk et al. 1993; Polz and Cavanaugh 1995). Indeed, some authors proposed that the
amount of bacteria present on chimney walls was not enough to support the shrimp population
and rather suggested an alternative hypothesis to that of Van Dover, which is that Rimicaris
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exoculata gained most of its carbon from the epibiotic bacteria living within its carapace, by
scraping and grazing on them (Wirsen et al. 1993; Gebruk et al. 1993; Casanova et al. 1993;
Polz et al. 1988; Rieley et al. 1999). Furthermore, the morphology of the two pairs of
chelipeds, which are relatively small, suggested that they probably could not extend out of the
branchial chamber to graze the chimney wall. On the other hand, they are able to reach and
clean the surfaces of all appendages within the chamber, as well as the internal wall of the
carapace, and then carry the scraped particles to the mouth (Van Dover et al. 1988).

The highly specialized morphological features of Rimicaris (hypertrophied branchial
chamber and mouthparts, bacteriophore setae, Fig. 4) suggest a real bacterial culture in the
shrimp pre-branchial chamber and argue for a trophic symbiosis (Gebruk et al. 1993). A
number of lines of evidence converged towards the present consensus, i.e. that the epibionts
are the major source of carbon (80% according to a calculation by Polz et al. 1998): 1) close
8'"°C values of the saturated and monounsaturated fatty acids isolated from the muscle tissues
of R. exoculata (-13%o) and the epibionts (-12%o), 1) the very high level of polyunsaturated
(n-7) and (n-4) fatty acids, both in the epibionts and the R.exoculata samples (Pond et al.
1997a; Allen-Copley et al. 1998; Rieley et al. 1999; Pond et al. 2000a, b). Many studies have
reached similar conclusions considering the close 8'°C signature between the epibiotic
bacteria (-9.3 to -12.4%o, Polz et al. 1988; Gebruk et al. 2000) and Rimicaris tissues (-10 to -
12.5%0, Van Dover et al. 1988; Polz et al. 1988; Gebruk et al. 1997b, 2000; Pond et al. 1997a;
Vereshchaka et al. 2000).

Few year later, a third hypothesis argued for a trans-epidermal transfer of dissolved
organic matter from the epibiotic bacteria through the branchiostegite cuticle (Casanova et al.
1993; Zbinden et al. 2004; Corbari et al. 2008a). Rejected by some authors (Gebruk et al.
2000) on the basis of previous studies that have shown that transport of dissolved organic
matter across the chitinous exoskeleton in Crustacean is unlikely (Stephens, 1988), this
hypothesis was nevertheless supported by several points: 1) The thinness of the cuticle (up to
0.5 um) and the important haemolymphatic lacunas underlying it, as well as the numerous
membrane infoldings and mitochondria in branchiostegites epithelium beneath the bacteria
(Martinez et al. 2005) suggest epidermal transport activity; ii) Despite a considerable number
of observations, no areas scrapped by the animal, nor free of bacteria on the inner side of
branchiostegites or on scaphognathites were never showed (Zbinden et al. 2004; Corbari et al.
2008a). Although supporting the hypothesis that the shrimp grazed off their epibionts, Polz et
al. (1998) noticed that only slightly more than 20% of the rRNA detected in the gut
correspond to that of the epibionts. In order to test the trans-tegumental hypothesis, Ponsard et
al. (2013) performed in vivo shrimp incubations in a pressurised aquarium with isotope-
labelled inorganic carbon (NaH'">CO; and NaH'*CO3), complemented with different electron
donors (sulphide Na,S,03 and iron Fe*"). These experimentations provided direct evidence
that bacterial epibionts are chemoautotrophs, and showed that the carbon incorporation rates
increase in the presence of the two electron donors, indicating that both sulphide and iron
oxidation metabolism occur among the epibionts (Fig. 5a). They showed above all that a
direct nutritional transfer of soluble bacterial by-products to the host occurs, from the bacteria
to the host, by transtegumental absorption across the gill chamber integument (Fig. 5b-d),
rather than via the digestive tract. They thus provided the first direct evidence of a true
mutualistic nutritional bacteria—host interactions.
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Figure 5: Inorganic carbon incorporation into bacterial mats and shrimp tissues. a) Rates of "°C inorganic carbon
incorporation. The shrimp were incubated for 4 or 10 h in NaH"CO3 in pure seawater (dark grey),
supplemented with reduced iron (light grey) or thiosulphate (white). MP: mouthparts, BB: bacterial biofilm of
the branchiostegite, OB: outer branchiostegite, DT: digestive tract, Mu: muscles (from Ponsard et al. 2013). c-d)
SEM and autoradiography of the branchiostegite of a specimen incubated with '*C-acetate after only 3 days (c)
and after 11 days of exposure (d). oic: old internal cuticle, be: branchiostegite epidermis, nic, nec; new internal
and external cuticles, oec: old external cuticle. Scale bars : a=1 cm, ¢ = 50 um, e-f= 100 pm.

2.2.4. Morphological diversity

Using SEM (Scanning Electron Microscopy) observations, several authors described three
bacterial morphotypes: 2 filamentous types (one thin of 0.2 to 1 pm and one thick of 1 to 3
um in diameter, both up to 250 pm length) and 1 rod-shaped type (0.5 x 1.5 um) (Gebruk et
al. 1993; Casanova et al. 1993; Segonzac et al. 1993; Zbinden et al. 2004).

Additionnal observations with TEM (Transmission Electron Microscopy) on Rainbow
samples refined these data and defined 6 different types (Zbinden et al. 2008). Two sub-types
of rods were distinguished based on size and aspect of the intracellular contents : 1) short and
thick rods (0.6 x 1.25 um), with a dense dark intracellular content and 2) longer and thinner
rods (0.3 x 3 um), with a light intracellular content. Two sub-types of thin filaments were also
described based on their cell morphology and intracellular aspect: 1) thin filaments with
rectangular cells, no marked narrowing between two adjacent cells and a homogeneous and
dense content and 2) thin filaments with ovoid—shaped cells, with a marked narrowing
between two adjacent cells, a more heterogeneous intracellular content and occurence of
intracellular electron dense granules. Finally, in addition to the previously described thick
filaments, these authors reported the occurence of bacteria with stacks of intracytoplasmic
membranes typical of type I methanotrophs, bringing the diversity to at least 6 morphotypes
(Fig.6).

Intracellular granules were observed in the thin filaments (and not in the other
morphotypes). EDX (Energy Dispersive X-ray) microan