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Ce prologue sert à introduire au lecteur les différents aspects de la recherche 
abordés par les résultats de cette thèse. Ces résultats sont répartis en chapitres dans cet ouvrage, que 
l'on peut aussi voir comme certaines des étapes clés successives de la vie des crevettes étudiées, de 
leur naissance à leur reproduction. 

Cette thèse s'intéresse au cycle de vie des espèces hydrothermales dans le contexte général 
de la compréhension des processus de colonisation des sites hydrothermaux. Elle prend pour modèle 
les crevettes Rimicaris, modèle aujourd'hui relativement bien étudié dans l’Unité Environnements 
Profonds de l’Ifremer mais dont le cycle de vie reste malgré tout peu compris. Comme beaucoup 
d'espèces de la faune hydrothermale visuellement dominantes, l'espèce principale dont il sera 
question abrite des microorganismes avec lesquels, elle forme une symbiose, indispensable à sa survie. 
La pérennité de cette association au cours du cycle de vie est donc un aspect fondamental pour la 
colonisation de ces milieux et est donc abordé de concert avec le cycle de vie de l'hôte 

Ainsi, toute la première partie de cette introduction générale cherche à présenter leur 
écosystème pour en comprendre, à l'aune de nos connaissances actuelles, les principes généraux de 
leur fonctionnement et leurs particularités vis-à-vis des autres écosystèmes de notre planète. 
Premièrement, l'histoire de l'exploration des sources hydrothermales est détaillée permettant de faire 
un premier état général de leur distribution géographique mais aussi de mettre en avant les régions 
les moins considérées. Ensuite, et après avoir présenté le contexte géologique de leur formation, 
l'introduction met l'accent sur les caractéristiques chimiques particulières de ces environnements qui 
jouent un rôle majeur sur la distribution des espèces. En effet, comme le montre la suite, la vie dans 
ces écosystèmes se base non pas sur la photosynthèse, mais sur la chimiosynthèse utilisée par les 
bactéries. L'introduction se penche ainsi sur les différents microorganismes, leurs métabolismes, leur 
distribution et les facteurs environnementaux qui les affectent pour en venir ensuite à leurs 
interactions, d’abord entre eux puis avec la faune hydrothermale.  

Ainsi le lecteur est amené progressivement vers la présentation des différentes symbioses qui 
ont pu être étudiées dans ces milieux en présentant à la fois les hôtes animaux et les adaptations qu'ils 
présentent, ainsi que la diversité de leurs bactéries symbiotiques. D'autres d'espèces sont ensuite 
brièvement présentées permettant d'aborder d'une part très rapidement le sujet des chaines 
trophiques de ces écosystèmes mais surtout la distribution inégale de toutes ces espèces sur le globe, 
réparties en différentes zones biogéographiques. Tout ce chemin permet ainsi de dresser un constat 
clair : celui du caractère éphémère et fragmenté des sources hydrothermales, ainsi que de la nécessité 
de dispersion entre différents sites, chez les espèces endémiques de ces écosystèmes pour maintenir 
leur existence dans le temps. Ceci amène ainsi pas à pas le lecteur vers la thématique principale de 
cette thèse : les cycles de vie et les étapes critiques influençant leurs capacités de colonisation et de 
survie. Parmi elles, on peut noter la reproduction, la dispersion et le recrutement ainsi que le maintien 
de la relation symbiotique pour ceux en possédant, qui sont ainsi toutes détaillées une à une. 

Au-delà du cycle de vie d’une espèce modèle unique, Rimicaris exoculata, cette thèse 
s’intéresse à proposer une perspective élargie de la colonisation du milieu hydrothermal des autres 
espèces de la même famille, du stade œuf jusqu’à la reproduction. Un accent particulier est mis sur 
Rimicaris chacei, qui vit sur les mêmes sites, que Rimicaris exoculata. Leurs comportements 
trophiques, symbioses et adaptations sont respectivement comparées avant de finir sur les quelques 
connaissances existantes à l'heure actuelle sur leur cycle de vie, en mettant en avant les différentes 
lacunes les plus importantes. Ceci permet finalement d'aboutir aux buts généraux de cette étude et à 
la présentation des différents chapitres de l'histoire du cycle de vie de ces espèces. 
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P.1. THE HYDROTHERMAL VENT ECOSYSTEMS 

P.1. The hydrothermal vent ecosystems 
 

P.1.1 Geological context of hydrothermal vent systems 

P.1.1.1 Hydrothermal vents: a phenomenon hosted by the global ridge system 

 Hydrothermal vents are geological structures located on the ocean floor from which hot fluids 

geothermally heated are expelled. Consequence of plate tectonic movements, they are found in 

extension zones along mid-ocean ridges (MOR) where new oceanic crust is formed, as well as in 

volcanic arcs and back arc basins (BAB) formed behind subduction zones where a lithospheric plate 

sinks beneath another one. Some vent sites are also localized intraplate, such as the Lōʻihi seamount 

in the Hawaiian hotspot chain (Staudigel et al., 2006). 

 

Fig 1. General map of spreading ridge rates around the globe. Adapted from Beaulieu et al. (2015) 
and Dick (2019). 

Oceanic ridges are generally classified in four different categories (Fig 1.), depending on their 

spreading rate which influences greatly their topography (Fig 2.) and the presence of hydrothermal 

activity (Fouquet et al., 2010; Morgan and Chen, 1993): 

- Fast spreading ridges (more than 80 mm/year) exhibit a morphology dominated by 

volcanic activity. Across its axis, the ridge presents an axial rise with a very narrow summit.  

Almost no evidence of faulting is found until the newly formed crust has moved few km 

away where some abyssal hills are sometimes observed. This category of ridge represents 

25% of the global ridge system and mainly corresponds to the East Pacific Rise (EPR) region 

(Fig 1.) (Beaulieu et al., 2015). 
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P.1. THE HYDROTHERMAL VENT ECOSYSTEMS 

- Ultraslow or slow spreading ridges (below 20 mm/year and between 20 and 55 mm/year 

respectively) are shaped by tectonic activity. This results in an important faulting of the 

ridge creating a broad axial rift valley of several km wide and approximately a km deep 

depending on the ridge. They are much more widespread than fast spreading ridges and 

represent 60% of the global ridge system (Fig 1.) (Beaulieu et al., 2015). Regions such as 

the Mid Atlantic Ridge (MAR), the Central and Southwest Indian Ridges, the Gakkel Ridge 

or the Mid Cayman Rise belong to this category.  

- Intermediate spreading ridges (between 55 and 80 mm/year) exhibit transitional 

arrangements between slow and fast spreading ridge with an axial valley quite narrow and 

shallow compared to slow spreading ridges. They represent 15% of the global ridge system 

and include regions such as the Juan de Fuca Ridge, the South East Indian Ridge (SEIR) or 

the Lau Basin (Fig 1.) (Beaulieu et al., 2015).  

 

Fig 2. Different profiles of oceanic ridge morphology classified by spreading rate. Adapted from 
(Macdonald, 1982). 

Both spreading rate and ridge topography result from local differences in magma supply 

beneath the oceanic crust as stated by the magmatic budget hypothesis. Fast spreading ridges are 

characterized by a much larger magma supply leading to more unstable and ephemeral vent sites, but 

closer to each other than vent sites hosted by slow spreading ridges. This was proposed according to 

the linear relationship observed between spreading rate and hydrothermal venting, with more 

frequent venting along fast spreading ridges. However, this tendency was largely based on 
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P.1. THE HYDROTHERMAL VENT ECOSYSTEMS 

observations on the EPR and the Juan de Fuca Ridge only (Baker, 1996; Baker et al., 1994). The addition 

of results from hydrothermal plume surveys along three segments of the MAR nonetheless confirmed 

this relationship with an average distance of 130 km between each vents sites on this slow spreading 

ridge (German and Parson, 1998). Still, some variations can be expected from these observations as 

the more complex topologies of the slow spreading ridge could prevent detection of some 

hydrothermal plumes (German and Parson, 1998).  

Accordingly, frequency of venting sites is supposed to be very low on ultraslow spreading 

ridges with average distances between sites around 200 km to 300 km. However, plume surveys along 

the Southwest Indian Ridge (SWIR) and the Gakkel Ridge revealed significant deviation from this 

expectation, with an average spacing of 100 km between potential vent sites (inferred from plume 

detection) (Snow and Edmonds, 2007). This seems to be related to the magmatic chamber, which is 

much shallower than usually observed (Snow and Edmonds, 2007). Current predictions on vent sites 

frequency and locations along ridges are likely to evolve as discoveries and advances are made in the 

exploration of our deep ocean. 

P.1.1.2 Exploration of deep sea hydrothermal vents: historic & current status  

Exploration of mid oceanic ridges to demonstrate the plate tectonic theory started with the 

French American program FAMOUS in 1971. These pioneer expeditions revealed the presence of fossil 

hydrothermal deposits on the MAR (Ballard et al., 1975). The first proof of an active hydrothermal vent 

site was however made a few years later, in 1977, by the American deep submersible Alvin on the 

Galapagos spreading center (Corliss et al., 1979).  

After that, active vent sites were found globally during the following decades. Their presence 

was first extended to fast spreading ridge regions such as the EPR (Haymon et al., 1991; Spiess et al., 

1980) and the Juan de Fuca Ridge (Tunnicliffe et al., 1985). This was quickly followed by discoveries in 

the different back arc basins of the south west Pacific – Manus (Both et al., 1986), Lau (Cronan et al., 

1984) and Fidji (Naganuma et al., 1989) – and the north west Pacific - Marianna (Hessler and Lonsdale, 

1991) and Okinawa (Kimura et al., 1988). At the same period, active vent sites were finally discovered 

along the MAR, in 1985, with the TAG and Snake Pit vent fields (Kong et al., 1985; Rona et al., 1986). 

Today, 19 active vent fields have been confirmed on the MAR, the last one, Luso, having only been 

found last year in 2018 close to the Azores islands by a Portuguese expedition. Explorations in the late 

90s led to the discovery of vents on the Central Indian Ridge with the Kairei and Edmond vent fields 

(Hashimoto et al., 2001; Van Dover, 2001), followed by the Dodo and Solitaire vent fields some years 

later (Nakamura et al., 2012). 

Over the past 20 years, the most important discoveries of hydrothermal vents were probably 

made on the South MAR (Haase et al., 2007), the Arctic Ridge (Edmonds et al., 2003; Pedersen et al., 

2010; Schander et al., 2010), the East Scotia Ridge (Rogers et al., 2012) and the Mid Cayman Rise 

(German et al., 2010), closing some of the previously identified gaps in vent global distribution 

(Ramirez-Llodra et al., 2007). Very recently, during the period of this thesis, the discoveries of five new 

vent sites were reported as well on the SWIR (Copley et al., 2016; Zhou et al., 2018), the SEIR (Gerdes 

et al., 2019) and the South MAR (Dong et al., 2019). In addition, new vent locations were reported in 

areas that had been extensively surveyed before, like the Okinawa Through (Miyazaki et al., 2017), the 

Guaymas Basin (Goffredi et al., 2017), the Marianna Through (Baker et al., 2017), and the Central 

Indian Ridge (CIR) (Ryu et al., 2019). 
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Fig 3. General state of confirmed and inferred hydrothermal vent site discoveries as in 2019. Adapted 
from Beaulieu et al. (2013) and the current InterRidge vent database v3.4 

An overview of the distribution map of the currently known hydrothermal sites (Fig 3.) helps 

to highlight the largest gaps remaining today. Among them, despite some hypothetical vent locations 

already identified based on water column anomalies, the south MAR, the Chile rise and the global ridge 

system around Antarctica – Pacific Antarctic Ridge, SEIR and SWIR – are potentially the most critical 

parts of the globe that should be the subject of future explorations. 

 Besides insufficient exploration of the global ocean ridge system, technical issues have 

hampered the discovery of new vent fields. Most hydrothermal plumes are detected by heat or other 

physical or geochemical anomalies (turbidity, CH4 or Mn for example) on vertical profiles made through 

the water column several kilometers below sea level. Such techniques are however not adapted to 

detect low temperature discharge of hydrothermal fluids, which could represent more than 25% of the 

global vent activity (Baker et al., 2016). Sites present on the flanks of axial valleys are also harder to 

detect from the surface. This could explain how many vent sites have been missed, even in repeatedly 

surveyed areas, such as the EPR and the Northern part of the MAR (Beaulieu et al., 2015). More 

exploration beyond surface ships, with AUVs (Autonomous Underwater Vehicle) coupled with other 

sensors like ORP (Oxidation-Reduction Potential sensors) will potentially drive the discovery of more 

of those particular vent fields (Baker, 2017). Ultimately, visual exploration with ROVs (Remotely 

Operated Vehicle) or HOV (Human Operated Vehicle) (Fig 4.) remains unavoidable to fully evaluate the 

extant, as well as the geochemical and biological properties of the newly discovered vents. 
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Fig 4. Examples of vehicles and Research Vessels (R/V) used for undersea operations and exploration. 
A. The R/V Pourquoi pas? operated by Ifremer. © Ifremer. B. The HOV Nautile operated by Ifremer 

(France). © Ifremer. C. The ROV Victor6000 operated by Ifremer (France). © Ifremer. D. The HOV 
Shinkai operated by JAMSTEC (Japan). © JAMSTEC. E. The AUV Sentry of the Woods Hole 
Oceanographic Institute (WHOI; USA) equipped with different probes to locate and quantify 
hydrothermal fluxes. © WHOI. 
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P.1.1.3 Formation of hydrothermal vent emissions 

As described in part 1.1, ridge areas gather all the required conditions to host a hydrothermal 

activity namely the presence of a heat source – usually the magma chamber beneath the crust – and 

the presence of several fractures in the oceanic crust, resulting from the tectonic activity.  

The first step of a hydrothermal vent formation starts in this important network of cracks and 

faults that allows the infiltration of cold and oxygenated seawater. Those areas are called recharge 

zones and extend through dozens of km2 around the vent field (Tivey, 2007). During its way down, the 

water is submitted to increasing temperature and pressure, leaching and dissolving different 

compounds from the surrounding rocks. The fluid in formation progressively releases Mg2+, becomes 

more acidic and gains other elements like Ca2+, Na+ until it reaches the reaction zone or “root zone” 
close to the magma chamber. There, the hot fluid is loaded with different metals, volatiles and reduced 

elements before it rises rapidly to the surface (Alt 1995; Tivey 2007). These four steps correspond to 

the currently accepted model for the formation of hydrothermal vent chimneys (Fig 5.).  

 

Fig 5. Schematic view of hydrothermal vent fluids formation. Adapted from Tivey et al. (2007) and Le 
Bris et al. (2019). 

Within the “root zone”, vent fluids can undergo a phase separation  leading to the formation 

of a brine phase and a vapor phase (Foustoukos and Seyfried, 2007; Tivey, 2007). This phase separation 

is conditioned by the temperature but also the pressure conditions within the root zone – i.e. the depth 

of the vent field and that of the magmatic chamber – and has an important influence on vent fluid 

composition (Butterfield et al., 1994; Von Damm et al., 2003). Above specific conditions of very high 

pressure and very high temperature (reached for deeper vent fields and/or magmatic chambers), vent 
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fluids become supercritical as observed at the 5°S MAR vent site or at the Piccard vent site in the 

Cayman Rise (Koschinsky et al., 2008; Webber et al., 2015), and exhibit intermediate physical 

properties between fluids and gases.  

When they exit the seafloor at the chimney orifice, the end member fluids – i.e. pure undiluted 

fluids – are “clear” and extremely hot (between 330°C and 405°C). Then, they rise rapidly with reported 

velocities of 0.1 m.s-1 to 6.2 m.s-1 (Ramondenc et al., 2006), and mix turbulently with the cold and 

oxygenated surrounding seawater. This provokes a drastic change in temperature, together with 

several chemical changes that lead to the precipitation of minerals from the fluids, especially sulfides, 

creating the typical black fluids observed in these environments (Tivey, 2014). Some of those mineral 

particles sink back to the ocean floor generating hydrothermal vent sediments, which will deposit 

around the vent field, whereas others are carried out upward by the vent plume several hundreds of 

meters above. When it reaches neutral buoyancy, the plume spreads out horizontally, dispersing 

metals and particles on several hundreds of kilometers away from its original source (Baker, 2014). 

Mineral particles that are not expelled by the vent are deposited at the vent orifices leading to the 

chimney growth (Fouquet et al., 1993; Tivey, 2014).  

Some vent chimneys expel white fluids, reflecting at lower temperature (200°C to 300°C), 

compared to black smokers. For these chimneys a more important mineral precipitation on the 

subsurface lead to a clearer coloration of the exiting fluid. In addition, chimney openings are also 

narrower and fluids are usually enriched in zinc (Koski et al., 1994). Both black and white smokers are 

referred to as focused or discrete vent emissions (Fig 6.).  

Hydrothermal fluids are also expelled as diffuse flow emissions, much cooler than black or 

white fluids expelled from focused emissions, with temperatures between 5 and 100°C (Bemis et al., 

2012) (Fig 6.). Flow velocities are also much lower with an average speed ranging from 0.5 mm.s-1  to 

11 cm.s-1  depending on vent sites (Mittelstaedt et al., 2012; Pruis and Johnson, 2004; Ramondenc et 

al., 2006; Scheirer et al., 2006). These secondary outflows are usually found on the wall of chimney 

structures or through cracks in the basement rocks (Bemis et al., 2012); (Fig 5.). This is the case of 

beehive diffusers, found for example at the Snake Pit vent field on the MAR. These structures do not 

have a central conduit like black or white smoker chimneys, but let seawater infiltrate through their 

porous walls, where it is mixed and heated with the vent fluid (Fouquet et al., 1993; Koski et al., 1994). 

Evidence of diffuse flow style can also be seen where white hydrothermal vents are surrounded with 

cracks on the seafloor such as around the ASHES vent field on the Juan de Fuca ridge (Pruis and 

Johnson, 2004) or around the TAG vent field on the MAR (Cambon-Bonavita, 2014; BICOSE 1 

expedition). 

Diffuse flow emissions are segregated in two types referred to as “high-temperature diffuse 

flows” or “HT-diffuse flows” and “low-temperature diffuse flows” or “LT-diffuse flows (Le Bris et al., 

2019; Lowell et al., 2015) (Fig 5.). The HT-diffuse flows are the result of a mixing of end-member fluids 

with infiltrated seawater through cracks and faults or porous chimneys. Fluid is cooled down, changes 

in composition and discharges as shimmering water around the vent field. The LT-diffuse flows on the 

other hand derive from seawater infiltrated with no or limited mixing with the high temperature fluids. 

Warming and enrichment of these fluids in volatiles are mainly the result of molecular diffusion and 

conductive heating from distinct conduits of vent fluids nearby through the mineral layer (Lowell et 

al., 2015).  



 

  

 31 

 

P.1. THE HYDROTHERMAL VENT ECOSYSTEMS 

 

Fig 6. Different styles of hydrothermal venting. A. Black smokers at the Beehive edifice on the Snake 
Pit vent field (MAR). BICOSE2018-Nautile © Ifremer B. White smokers at the NW Eifuku seamount from 
the Marianna Arc. © Wikimedia commons. C. Diffuse emissions through cracks in the seafloor at the 
TAG vent field. Diffusions cannot be visualized on the picture but white marks on the seafloor are 
indicative of this type of emission. BICOSE2018-Nautile © Ifremer D. Beehive diffusers at the Beehive 
edifice on the Snake Pit vent field (MAR). Fluids are expelled through the darker lines on the wall of 
these particular edifices BICOSE2018-Nautile © Ifremer.  

A significant part of the heat flux is emitted through diffuse emissions, varying from 50% to 

90% of the total heat budget of the vent field (Barreyre et al., 2012; Ramondenc et al., 2006; Veirs et 

al., 2006). However, significant differences in the style of venting between edifices prevent accurate 

extrapolation at the scale a vent field (Mittelstaedt et al., 2012). 

P.1.1.4 Composition of hydrothermal vent fluids 

All hydrothermal vents fluids are enriched in reduced elements and metals compared to the 

surrounding seawater. Nonetheless, concentrations of these elements are particularly variable 

between vent fields. On Mid Oceanic Ridges (MOR), H2S concentrations range between 0 and 19.5 

mmol kg−1 and they vary between 1 and 13.1 mmol.kg−1 on back arc basins (BAB). Similar variability 

was reported for iron (Fe2+) with concentrations between 0.007– 24 mmol.kg−1 and between 0.01–13 

mmol kg−1 on MOR and BAB respectively (Charlou et al., 2010; Le Bris et al., 2019; Tivey, 2007). This 

variability between hydrothermal vent fields is governed by several factors shaping fluid composition.  
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Composition of end member fluids is generally greatly influenced by the basement rocks 

beneath the vent field (Holden et al., 2012). On MOR, fluids expelled by vent sites hosted on basaltic 

rocks are for example usually enriched in H2S, silica and metals (Fouquet et al., 2010) (Table 1.). On 

volcanic arcs, the aging oceanic crust close to convergent boundaries can harbor different types of 

rocks such as dacite and andesite. Hydrothermal vents hosted on these types of rocks tend to expel 

fluids with lower pH, low H2 and CH4 concentrations and higher dissolved metal concentrations, as 

seen for the Mariner vent filed in the Lau basin, the Brothers volcano on the Kermadec Arc or the 

PACMANUS vent fieldin the Manus basin (Mottl et al., 2011; Reeves et al., 2011; Takai et al., 2008b, 

2009). On back arc spreading centers, just behind where new basaltic crust is formed, fields separated 

by only tens of kilometers, such as PACMANUS and Vienna Woods in the Manus Basin, can produce 

fluids with drastically different chemical compositions (Mottl et al., 2011; Reeves et al., 2011). 

At slow spreading ridges, tectonic activity can create outcrops of ultramafic mantle rocks that 

are estimated to represent between 20 and 25% of the seafloor along these ridges (Cannat et al., 2010). 

Hydrothermal vents laying on these types of rocks are subjected to serpentinization reactions – i.e. the 

alteration of ultramafic minerals by seawater – producing end-member emissions with chemical 

signatures significantly different from those measured at basaltic hosted sites (Charlou et al., 2010; 

Fouquet et al., 2010; Kumagai et al., 2008). In these types of sites, hydrogen (H2) usually reaches high 

concentrations ranging between 2.5 mM and 8.5 mM, like for example at the Kairei vent field on the 

CIR (Gamo et al., 2001; Kumagai et al., 2008) and up to 26 mM at the Rainbow vent field on the MAR 

(Charlou et al., 2002, 2010). Additionally, methane (CH4) as a byproduct of the abiotic reaction between 

H2 and CO2 can also reach unusually high values. For example, CH4 concentrations up to 3.5 mM have 

been recorded at the Logatchev vent field on the MAR (Schmidt et al., 2007), and 2.81 mM at the Von 

Damm vent field in the Mid Cayman Rise (Mcdermott et al., 2015). Conversely, methane 

concentrations in basaltic-hosted sites do not exceed 0.15 mM, except for the Main Endeavour vent 

field (MEF) for which high CH4 concentrations have been attributed to a sedimentary context (Lilley et 

al., 1993) or for the Menez Gwen vent field (Charlou et al., 2010), which is located at a shallower depth 

than the other sites measured (Table 1.). 

Vent depth also affects end member chemical concentrations as suggested for vent sites of 

the Mid Cayman Rise (MCR) (Table 1.). End member fluids of Piccard, the deepest known vent field 

hosted on a basaltic sublayer, exhibited slightly higher concentrations of H2 than its shallower 

counterpart, Von Damm, an ultramafic vent field localized a few kilometers away (Mcdermott et al., 

2015; McDermott et al., 2018). Authors have proposed that unusually high hydrogen concentrations 

for a basaltic site could be related to a higher pressure due to the great depth of Piccard that would 

modify conditions of the fluid phase separation. Temperature conditions of fluid-rock interactions in 

the root zone would then be unusually high leading to an increased uptake of hydrogen by the fluid 

when it leaches the basaltic rocks (McDermott et al., 2018).  

Hydrothermal fluids may also exhibit variability between edifices of a same vent field (Table 

1.). Although some vents display a remarkable homogeneity related to their single subsurface source 

such as the Rainbow vent field (Charlou et al., 2002), most vents discovered today exhibit differences 

in the end member fluid composition between edifices. This can result from a discontinuous magma 

chamber fueling different sub-seafloor plumbing systems such as for the 9°50’N EPR or the MEF vent 
field (Von Damm et al., 1995). For Lucky Strike vent field on the MAR, despite important variability of 

the chemistry of the end members of the different edifices, all fluids are fed by a single deep-rooted 
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source as for every vent fields on the MAR (Charlou et al., 2002; Fouquet et al., 2010). Variations in 

fluid composition are due to phase separation, which partitions the uprising fluid into brine and vapor 

(Chavagnac et al., 2018; Pester et al., 2012). Phase separation processes were even suspected to 

explain differences between fluids expelled from a single vent edifice, Brandon, at the Napa Nui vent 

site from the EPR (Von Damm et al., 2003).  

Long-term studies have shown a great temporal stability of average temperature and vent fluid 

composition for periods between 3 to 6 years at the Lucky Strike vent field on the MAR (Barreyre et 

al., 2014; Campbell et al., 1988). Additionally, on shorter temporal scales, temperature oscillations 

correlated with tidal pressure, for high temperature fluids, and tidal currents, for low temperature 

emissions, were recorded at Lucky Strike (Barreyre et al., 2014). More generally, tidal influence was 

also identified on fluid characteristics at other vent sites such as MEF, the 9°50°N vent field on the EPR, 

or TAG (Lee et al., 2015; Scheirer et al., 2006; Sohn, 2007). 

Table 1. Biologically relevant chemistry of end-member hydrothermal fluids from various sites and    
host-rock environments. ND = No data. Adapted from Holden et al. (2012) and references herein.  

Volcanic eruptions and seismic episodes can also affect the apparent stability of end member 

fluids. Although they are rare, some of these events have been detected or directly observed in the 

MEF from the Juan de Fuca ridge in June 1999, and at the 9°50’N vent field on the EPR in 1991-1992 

and 2005-2006 (Cowen et al., 2007; Fornari et al., 2012; Lilley et al., 2003; Von Damm et al., 1995). 

Each time, these eruptions lead to modifications of both temperature and fluid composition, with a 

strong initial increase – up to 110 mM of H2S at the 9°50N EPR vent field – followed by a stabilization 

phase to return to the pre-eruption fluid conditions within 2 to 3 years (Butterfield et al., 1994; Johnson 

et al., 2000; Lilley et al., 2003; Seewald et al., 2003; Seyfried et al., 2004; Von Damm, 2004; Von Damm 

et al., 1995; Yücel and Luther, 2013). 

Owing to all these factors affecting its composition, each end-member fluid issuing from a 

black smoker edifice is truly unique in both space and time (Le Bris et al., 2019).  
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Once expelled from the chimney orifice, end-member fluids evolve by dilution or by reactions 

with other elements along a chemical gradient. With the permanent supply of fluid, a chemical 

disequilibrium is maintained in the mixing zone allowing the coexistence of both oxidized and reduced 

elements that should be mutually exclusive in stable conditions. Abiotic reactions between sulfur and 

oxygen for example form thiosulfate (S2O3
2-) or sulfate (SO4

2-) along the dilution gradient but with a 

slow kinetic (Gartman et al., 2011). These elements can further react with metals such as iron (Fe), 

copper (Cu) and zinc (Zn) to form polymetallic sulfurs, which constitute most of the particles exported 

by hydrothermal plumes (Khripounoff et al., 2000; Klevenz et al., 2012; Le Bris et al., 2003). Abiotic iron 

oxidation also occurs within the mixing zone creating ferric oxides but with a much faster kinetic than 

sulfide oxidation. Some elements however do not react during the mixing with seawater, such as 

manganese (Mn) which is used as an accurate tracer of the dilution degree of hydrothermal fluid (Chin 

et al., 1994). 

Concentrations of many elements from the fluids are positively or negatively correlated with 

temperature such as iron and sulfurs (Laes-Huon et al., 2014; Le Bris et al., 2006b): this is the so-called 

conservative dilution model. Diffuse fluids generally exhibit much more variable temperatures 

compared to focused emissions at both spatial and temporal scales (Barreyre et al., 2014; Scheirer et 

al., 2006; Sohn, 2007). It is usually admitted that reduced element concentrations within these fluids 

are fluctuating according to these temperature variations. Nonetheless, mismatches with the 

conservative dilution model have been repeatedly reported in diffuse fluids emissions (Ishibashi et al., 

2014; Le Bris et al., 2006b, 2019; Nakamura and Takai, 2014), implying more in situ measurements to 

properly describe the habitat at small scales. Such “anomalies” have been attributed to the style of 
diffuse venting, whether it originated from seawater mixing or through conductive heating/molecular 

diffusion, or to consumption/production of reduced compound by microbial activities beneath the 

seafloor (Wankel et al., 2011).  

 

P.1.2 Hydrothermal vents – Unexpected oases of microbial life  

P.1.2.1 A chemosynthetic based ecosystem 

 Primary production of organic matter in hydrothermal vent biotopes is probably one of the 

most astonishing discoveries made in recent marine biology. Prior to early expeditions of the Alvin 

submarine on the Galapagos Rift in 1977, our deep ocean was seen as a cold biological desert (Forbes, 

1843). Indeed, in absence of photosynthetically usable sunlight below 200 m (Ramirez-Llodra et al., 

2010), no primary producers at first sight would survive. Most of deep sea species were then 

considered as dependent on surface primary production, using only sunken or advected food from the 

euphotic zone (Ramirez-Llodra et al., 2010). The presence of an environment teeming with life at 2.500 

m depth, near active vent chimneys, was then highly unexpected (Corliss et al., 1979).  

Even though suspension feeding had been considered at first (Lonsdale, 1977), interrogations 

remained about how such densely populated faunal communities could thrive only based on this type 

of nutrition. First clues of an explanation were given by the abundance of microbial mats and the rich 

quantities of sulfide emanating from vent chimneys. The use of chemosynthesis by microorganisms, a 

process known since 1867 but considered as playing a minor role on earth (Winogradsky, 1887), was 



 

  

 35 

 

P.1. THE HYDROTHERMAL VENT ECOSYSTEMS 

then proposed as being the main primary production source of those ecosystems (Cavanaugh, 1981; 

Felbeck, 1981). 

 For photosynthetic primary producers, light is used as an energy source to produce highly 

energetic molecules such as ATP or NADPH through electrolysis of water by photosynthetic pigments. 

On the other hand, chemosynthetic organisms exploit the chemical disequilibria resulting from the 

relatively slow inorganic reaction kinetics of many redox reactions to generate their energy. The mixing 

zone found at the interface between cold oxidized seawater and anaerobic hot vent fluids rich in 

reduced compounds, offers therefore suitable conditions for a diverse range of metabolisms, and so a 

huge variety of chemosynthetic prokaryotes (Fisher, Takai, and Le Bris 2007) (Fig 7.).  

Due to the high concentrations of sulfur compounds found at vents, sulfur oxidation (also 

called thiotrophy) has been reported as one of the main chemosynthetic metabolism for archaea and 

bacteria in many sites (Akerman et al., 2013; Campbell et al., 2013; Fortunato et al., 2018; Huber et al., 

2010). Mainly identified for bacteria affiliated to Epsilonbacteraeota, – novel phylum classified before 

in the Proteobacteria phylum as Epsilonproteobacteria (Waite et al., 2017)  – Gammaproteobacteria, 

and Aquificales, oxidation of hydrogen sulfide (H2S) in sulfate (SO4
2-) can be performed through two 

different metabolic pathways: the Sox multienzyme system or the reverse sulfate reduction pathway 

(Yamamoto and Takai, 2011). The Sox multienzyme comprises seven genes (soxABCD and soxXYZ) 

coding for periplasmic proteins but oftenly, soxCD genes are missing, such as in Gammaproteobacteria, 

allowing only partial oxidation of sulfur compounds. For the reverse sulfate reduction pathway, 

oxidation of H2S is performed with 3 key enzymes: AprA (adenosine 5’-phosphosulfate reductase), Dsr 

(dissimilatory sulfite reductase) and Sat (sulfate adenylyl transferase) (Yamamoto and Takai, 2011). 

Hydrogen (H2) can be also an important energy resource for chemosynthetic bacteria in 

hydrothermal vents. Oxidation of H2 has been infered by the presence of several hydrogenase genes 

such as hupL in many groups of archaea or bacteria such as Epsilonbacteraeota, Deferribacteres, 

Aquificales, Euryarchaeota and Crenarchaeota called hydrogenotrophs. These hydrogenases 

sometimes co-exist with sulfur oxidation pathways and have therefore the capacity of using two 

different energy sources (Nakagawa and Takai, 2008). This offers to these organisms a strong versatility 

in a highly unstable environment such as the mixing gradient of hydrothermal vent fluids (Campbell et 

al., 2006).  

Electrons produced by these oxidative metabolisms are usually coupled with respiratory 

proteins complex – cytochromes, NADH dehydrogenase – to create a proton gradient within the 

periplasm. As for the mechanism occurring in mitochondria, the gradient fuels an ATP synthase proton 

pump to produce more ATP for the cell. When available, oxygen is usually used as terminal electron 

acceptor in the respiratory chains of most chemoautotrophs (Sievert and Vetriani, 2012). Nonetheless, 

some Epsilonbacteraeota sulfur oxidizers are able to realize anaerobic respiration with nitrate (NO3-) 

instead of O2 and many hydrogenotrophic microorganisms can also breathe elemental sulfur (S°) 

(Campbell et al., 2006; Sievert and Vetriani, 2012). Less common, respiration with ferric iron (Fe3+) or 

manganese (Mn4+) coupled with hydrogen oxidation is found in some Deferribacteres (Slobodnika et 

al., 2009). Finally, methanogens corresponding to strictly anaerobic archaea, mostly hydrogenotrophs, 

are able to use CO2 as electron acceptor, producing CH4, as a byproduct of their energetic metabolism 

(Ferry, 2012). 
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Fig 7. Potential energetic metabolisms used by some hydrothermal vent chemosynthetic bacteria. 
(Methou 2019). 

Unlike sulfur and hydrogen, iron oxidation has been neglected for a long time as a major 

chemosynthetic metabolism in vent ecosystems. Competition with the spontaneous abiotic oxidation 

of ferrous iron (Fe2+) at neutral pH, and the high quantities of dissolved Fe2+ required for the reaction 

leading to poor energy production, were seen as critical obstacles for iron to be used by 

microorganisms. Additionally, iron-oxidizing microorganisms are also challenged by ferric iron (Fe3+) 

instant precipitation into solid deposits of large size. These elements are therefore available with 

difficulty in a dissolved form. Moreover, due to the large iron atom size, iron oxidation has to occur 

externally outside the bacteria cell membranes, and uses transmembrane proteins. However, several 
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groups of bacteria, mainly represented by Zetaproteobacteria in hydrothermal vent ecosystems, have 

been recognized as iron oxidizers (Emerson et al., 2007; Fleming et al., 2013; Scott et al., 2015). To 

outcompete abiotic reaction, iron oxidation usually occurs in acidic or neutral pH microaerophilic 

conditions, as seen in freshwater isolates that were able to grow with oxygen concentrations up to 50 

µM (Druschel et al., 2008). Although molecular mechanisms are not as clear as for sulfur oxidation, 

molybdopterin oxidoreductase genes, which could be involve in oxidation of Fe2+ into Fe3+, were 

identified in several, but not all, genomes of Zetaproteobacteria (Field et al., 2014). For their growth, 

Zetaproteobacteria typically excrete oxidized iron products outside their cells forming helical stalk of 

Fe3+ bound to organic polymers. These organic molecules help to retard mineral growth, preventing 

encrustation of Zetaproteobacteria cells into the mineral matrice (Chan et al., 2011) leading to death. 

As for the other metabolisms, electrons formed by this oxidation are used by respiration pathways to 

produce more ATP. 

At hydrothermal vents, methanotrophy, using CH4 as electron and/or carbon donor, is mostly 

accomplished by some Archaea and Gammaproteobacteria even if other groups, such as 

Alphaproteobacteria and Verrucomicrobia could potentially perform this metabolism, as they were 

recognized as methanotrophs in other ecosystems  (Op den Camp et al., 2009; Trotsenko and Murrell, 

2008). The key enzyme of this metabolism is the methane monooxygenase (genes pMMO or sMMO) 

catalyzing the oxidation of CH4 into methanol CH3OH. Type I methanotrophs (Gammaproteobacteria) 

also exhibit particular morphologies with stacked internal membranes within their cytoplasm making 

them easily recognizable with microscopy techniques (Childress et al., 1986). 

 

Fig 8. Major carbon fixation pathways in hydrothermal vents chemosynthetic bacteria. Adapted from 
Hügler and Sievert (2011). 
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Once ATP is formed by those different energetic pathways, a carbon source can be fixed to 

produce organic carbon. This source is usually dissolved CO2 for chemoautotrophs even if 

chemoheterotrophs using organic carbon are also present. For methanotrophs, CH4 can be used as 

both electron acceptor and carbon source.  Carbon fixation can be achieved by six different metabolic 

pathways depending on species (Hügler and Sievert, 2011). The most commonly found in bacteria from 

hydrothermal vents is the Calvin Bensom-Bassham cycle (CBB) where CO2 is fixed by the key enzyme 

RubisCO and the reductive Tricarboxylic Acid pathway (rTCA), known also as the reversed Krebs cycle 

(Fig 8.). Most of the enzymes of the rTCA are shared with Krebs cycle enzymes, since these reactions 

are reversible, and only three enzymes – the fumarate reductase, 2-oxoglutarate synthase and the 

citrate cleaving enzymes – are specific to the rTCA cycle (Campbell and Cary, 2004).  

These two carbon fixation pathways differ by their ATP consumption with one ATP per 

molecule of fixed CO2 for the rTCA cycle and three ATP per molecule of CO2 for the CBB cycle (Hügler 

and Sievert, 2011). Additionally, with two major oxygen sensitive enzymes – the pyruvate synthase and 

2-oxoglutarate synthase – rTCA can only function in microaerophilic or anaerobic conditions. On the 

other hand, thermal instability at high temperature of some products of the CBB cycle creates toxic 

compounds for the cell such as methylglyoxal narrowing its use in relatively low thermal conditions. 

Less represented, the reductive acetyl CoA pathway – also called the Wood Ljungdahl (WL) 

pathway –  is also found in hydrothermal vent microorganisms (Campbell and Cary, 2004; Nakagawa 

and Takai, 2008) (Fig 8.). It is the only carbon fixation pathway shared by bacteria and archaea, and 

was thus hypothesized to be the most ancient mechanism of autotrophic carbon fixation. Compared 

to the CBB and the rTCA cycles, the WL pathway is relatively simple and does not involve ATP 

consumption. However due to a very high sensitivity to oxygen of the main enzyme, the CO 

dehydrogenase, its use is restricted to strictly anaerobic conditions. Although absent from bacteria, 

the 3-Hydroxypropionate/4-Hydroxybutyrate cycle (3-HP/4-HB) and the Dicarboxylate/4-

Hydroxybutyrate cycle (DC/4-HB) are two important pathways of carbon fixation in hydrothermal vents 

archaea (Hügler and Sievert, 2011).  

P.1.2.2 Microbial niche partitioning along the mixing gradient  

Microorganisms are the main primary producers of hydrothermal vent ecosystems and are 

widely present in different environmental niches (Dick, 2019). Abundant in fluid flows, they are 

distributed along a thermal gradient between 2-3°C – the temperature of background seawater – to 

approximately 120°C, the currently known upper limit for microbial life (Takai et al., 2008a). Cultured 

microorganisms, and sometimes by extension their environmental relatives, are classified in 

hyperthermophilic (>80°C), thermophilic (55-80°C), mesophilic (20-55°C) and psychrophilic (<20°C) 

according to their optimal growth temperature (Alain et al., 2010; Inagaki et al., 2004; L’Haridon et al., 
2003; Takai et al., 2003). Microorganisms with similar metabolisms thus further segregate according 

to their thermal niches, such as Epsilonbacteraeota and Aquificales sulfur oxidizers, respectively known 

as mesophilic and thermophilic (Campbell et al., 2006; Reysenbach and Shock, 2002; Sievert and 

Vetriani, 2012) (Fig 9.). 

As stated previously (cf. part 1.1.4), this thermal gradient comes along with chemical 

fluctuations of reduced and oxidized compounds reflecting the dilution of the end member fluid with 

seawater. In addition to gradients created by the turbulent mixing, initial fluid composition specific to 

each vent also constrains the proliferation of chemosynthetic microorganisms according to their 
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respective metabolic capacities and growth optimum (Fig 9.). Methanotrophic species for example, 

like Gammaproteobacteria of the Methylococcaceae family or some archaea are more abundant at 

vent sites harboring higher CH4 concentrations (Brazelton et al., 2006, 2011; Crépeau et al., 2011; 

Roussel et al., 2011; Zbinden et al., 2008).  

 

Fig 9. Schematic view of dominant metabolism along the mixing gradient. Adapted from Dick (2019). 

Therefore, niche differentiation between microbial groups often results from a complex 

combination of thermal and fluid composition influences on their metabolism, as well illustrated by 

the example of co-occurring Gammaproteobacteria and Epsilonbacteraeota (Akerman et al., 2013; 

Fortunato et al., 2018; Jan et al., 2014; Meyer et al., 2013b; Perner et al., 2013a). Both sulfur oxidizers, 

they differ mainly by their carbon fixation pathways, the rTCA for Epsilonbacteraeota and the CBB for 

Gammaproteobacteria. Epsilonbacteraeota thrive in the less aerobic part of the gradient due the 

oxygen sensitivity of some of the rTCA enzymes, whereas Gammaproteobacteria grow in lower 

temperature areas due the thermal instability of the CBB byproduct and its lower efficiency compared 

to the rTCA. This is accentuated by the metabolic versatility of Epsilonbacteraeota to use alternative 

electron donors/acceptor, enabling them to grow in fully anaerobic conditions. This niche partitioning 

was observed or suggested by many studies (Akerman et al., 2013; Flores et al., 2011, 2012; Fortunato 

et al., 2018; Meyer et al., 2013b; Perner et al., 2013a; Sunamura et al., 2004); It was statistically 

supported by correlations between environmental fluid parameters and microbial composition of 

numerous samples (Meier et al., 2017). 

Microbial communities are not restricted to fluid flows. They are found in many habitats such 

as hydrothermal plumes, within porous spaces in the wall of chimneys and in subseafloor conduits, or 

attached to diverse surfaces like rocks, sediments or even vent fauna (Fig 10.) (Campbell et al., 2006; 

Dick, 2019).  

In microbial mat assemblages, many bacterial groups are organized in filamentous colonies 

reminding biofilms, such as Thiotricales (Gammaproteobacteria) or Sulfurovum (Epsilonbacteraeota) 

species. These communities also exhibit different diversity patterns than those found in fluid flows. 

Although some groups are highly abundant in both habitats, some others such as Thiomicrospirales 

(Gammaproteobacteria) seem to be restricted to only one of them. These differences of bacterial 



 

  

 40 

 

P.1. THE HYDROTHERMAL VENT ECOSYSTEMS 

lifestyle are expected to reflect genomic differences between these groups. Absence of pili, flagella or 

chemotaxis related genes were reported in genomes of fluid restricted groups compared to those 

found in mats, constraining them to a pelagic lifestyle (Meier et al., 2017). 

  

Fig 10. Schematic view of hydrothermal vent habitats occupied by microorganisms. Adapted from a 
scheme of the ph.D thesis of Meier (2016). (Meier, 2016).  

Temperature and fluid composition are also key drivers of niche partitioning in these habitats 

(Fig 10.). Within chimney structures, studies generally showed that the cooler exterior regions contain 

a mix of bacteria and archaea, with a shift to predominantly hyperthermophilic archaea towards the 

hotter interior regions of the chimneys (Kormas et al., 2006; Pagé et al., 2008; Roussel et al., 2011). In 

mat communities as well, a strong influence of fluid compositions was reported or suggested for 

different locations (Hager et al., 2017; Meyer et al., 2013a; Scott et al., 2015). For example, Hager and 

collaborators showed that white mats near fluids rich in H2S were dominated by Epsilonbacteraeota, 

whereas orange mats with iron particles near fluids rich in iron were dominated or showed a much 

higher abundance of Zetaproteobacteria (Hager et al., 2017).   

Nonetheless, in all these works, it is important to keep in mind that sampling technique can 

introduce important bias in the relative abundance of microbial groups within a sample. In a same 

study comparing microbial mats, two collection methods were used: some mats were sampled with a 

scoop scraping rocks and other mats with a syringe allowing a more targeted sampling. In one location 

with iron orange mats close to white mats, both tools were used in parallel. Comparison of 

communities revealed striking differences between the two samples with twice more 

Zetaproteobacteria in the one collected with the syringe than the one with the scoop scraper. This 



 

  

 41 

 

P.1. THE HYDROTHERMAL VENT ECOSYSTEMS 

second technique was less selective and had probably collected communities from different 

surrounding microhabitats (Hager et al., 2017).  

This shed light on the concept of micro niche advanced by several studies stating that 

important changes can occur at very small scale from centimeters to millimeters especially in highly 

variable ecosystems such as hydrothermal vents (Meier et al., 2016, 2017; Perner et al., 2013b). Lack 

of stable conditions at small scale could also prevent adaptive equilibria, maintaining a high 

diversification of microorganisms in these environments.  

P.1.2.3 Spatial and temporal patterns of microbial niche repartition 

At a local scale, microbial communities are mainly shaped by environmental factors such as 

temperature or fluid chemistry. Mineralogy can also have a great influence on microbial communities 

as proposed by some studies (Ferrera et al., 2014; Kormas et al., 2006; Lin et al., 2016; Pagé et al., 

2008). Spatial repartition of Aquificales collected on chimneys from the Lau Basin for example revealed 

strong differences in OTU composition between samples with different geological context (Ferrera et 

al., 2014). Yet, as no fluid sampling had been performed in this study, it was difficult to assess which 

parameters between vent fluid chemistry, temperature and host rock composition was the most 

important determinant for microbial distribution. In microbial communities inhabiting rocks of inactive 

vent areas, the role of mineralogy has been more clearly identified. Although mainly composed of 

distinct populations from those found on venting structures – with the notable absence of 

thermophiles such as Aquificales and the low abundance of Epsilonbacteraeota (Sylvan et al., 2012) – 

strong link between host rock mineralogy and microbial communities has been pointed out (Fig 10.) 

(Sylvan et al., 2013; Toner et al., 2013).  

At a global scale, apparent endemism of some vent taxa and large distances between vent sites 

led to the conclusion that geographical isolation and limited dispersal capacities could have a major 

role in shaping microbial communities from different vent sites (Akerman et al., 2013; Huber et al., 

2010). Over a wide geographical range, important genetic differentiation was featured within the  

Sulfurimonas group – belonging to Epsilonbacteraeota – regardless of the environmental conditions at 

their locations (Mino et al., 2017). However, geographical patterns can sometimes reflect bias that 

could likewise be attributed to a lack of sampling. Previously described as restricted to vent sites from 

the Pacific in the Marianna Arc Basin or in the Lōʻihi Seamount, abundant communities of 
Zetaproteobacteria from iron mats have been now reported at three vent sites on the Mid Atlantic 

Ridge. This consequently enlarges their geographic repartition at a global scale. Moreover, the 

influence of geographical isolation and dispersal limitation in microbial distribution have been 

weakened by recent findings on open ocean samples, analyzed with a very high sequencing depth. 

Presence of “seed bank” populations formerly thought to be vent-specific was revealed in these 

samples, suggesting that vent exclusiveness of some taxa could be an artefact of low sequencing depth 

in most studies (Gonnella et al., 2016). If confirmed, through microbial activities analyses for example, 

this would advocate that vent microorganisms are able to survive and disperse in open oceans through 

oceanic circulation to colonize new vents field.   

Such microbial signatures have driven recent research and exploration of hydrothermal plume 

communities. Mainly dominated by background ubiquitous seawater microorganisms such as 

Pelagibacterales Alphaproteobacteria (SAR11), they are also presenting mixture of diffuse vent fluid 

inhabitants consistent with the hypothesis of hydrothermal plumes as potential vectors for dispersal 
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of microorganisms linking vent site communities (Dick et al., 2013; Sheik et al., 2015). Less diverse than 

vent seafloor microbial populations, they are also much more stable in composition along rising plumes 

(Sheik et al., 2015). Despite highly diluted concentration of reduced compounds, chemosynthetic 

process seems to take place in vent plume communities where such metabolic capabilities have been 

detected (Anantharaman et al., 2016). The extent to how plume chemistry influences their microbial 

composition remains however unclear (Sheik et al., 2015). 

While exploring these different spatial scales has been constantly at the heart of microbial 

distribution studies in hydrothermal vents, pushing for an always-higher resolution at a smaller scale, 

temporal variations of microbial communities have been overlooked too often. At short temporal 

scale, within ten to twenty minutes, small or drastic changes in microbial communities have been 

reported, in line with measured changes in thermal conditions and reduced compound concentrations 

(Perner et al., 2009, 2013a). Since no microorganism could react and grow in such brief periods, these 

variations more likely revealed entrainment of microorganisms by fluid flows from other locations. On 

the other hand, at larger temporal scale, despite some year to year fluctuations, individual fluids from 

similar locations maintained a distinct community structure for each sampled site (Fortunato et al., 

2018; Opatkiewicz et al., 2009). To some extent, this suggests that despite short-term fluctuations, 

vent microbial communities can exhibit a certain stability over time.  

These communities are also affected by discrete events such as eruptions or seismic activity. 

Generating important bursts of fluid supply, these events enable the development of visually dominant 

flocculent materials called “snowblower” emissions. Often described as “time zero” of successional 
patterns in vents communities, most of “snowblower” emissions are dominated by 
Epsilonbacteraeota. (Meyer et al., 2013a). Likewise, colonization experiments with artificial substrates 

have repeatedly reported Epsilonbacteraeota as pioneer colonizers in these environments, sometimes 

just few days after deployment (Alain et al., 2004; López-García et al., 2003; Szafranski et al., 2015a). 

Interestingly, artificial substrates deployed for more than a year exhibited higher diversity with no clear 

dominance of one taxonomical group compared to short term ones (Szafranski et al., 2015a). Such 

colonization experiments consistently reported a stronger influence of surrounding physicochemical 

properties than substrate type, both at hydrothermal vent and other deep sea ecosystems (Bellou et 

al., 2012; Lee et al., 2014; Szafranski et al., 2015a). 

Even if a better understanding of the niche repartition of microbial communities present in 

hydrothermal vent ecosystems begins to take shape, strong gaps remain in determining the proportion 

of active populations (Sievert and Vetriani, 2012). Discrepancies between active and inactive portions 

of microbial communities emphasized by some studies, make clear that all microorganisms detected 

within a sample are not necessarily metabolically active (Fortunato et al., 2018; Lanzén et al., 2011; Li 

et al., 2016; Olins et al., 2017). For instance, in fluid samples from different vent sites at Axial Seamount 

(Juan de Fuca Ridge), one clear difference between taxonomy based on metagenomes and taxonomy 

based on metatranscriptomes, was that Gammaproteobacteria were on average more abundant in 

metagenomes compared to the metatranscriptomes with the opposite pattern for the 

Epsilonbacteraeota over the years (Fortunato et al., 2018). In the same way, some of the abundant 

groups such as Verrucomicrobia in hydrothermal plumes from the Guaymas Basin, were seen as weakly 

active (Li et al., 2016). Conversely, low abundance bacterial groups, usually carrying unique metabolic 

features, were much more highly active than previously assumed (Baker et al., 2013; Li et al., 2014). 



 

  

 43 

 

P.1. THE HYDROTHERMAL VENT ECOSYSTEMS 

This rehabilitates rare taxa as being unsuspected keystone players of their ecosystems where they may 

be well-adapted even if present at low concentrations.  

P.1.2.4 Microbial activities and interactions extend their potential niches 

Niche partitioning of microbial communities is mainly driven by thermal influence and fluid 

chemistry at vents. These parameters further evolve on different spatial and temporal scale from the 

birth of nascent hydrothermal activity until emissions cease at the death of the vent edifice.   

Some microorganisms appear to exert an influence on some of these parameters in return. For 

example, large proportion of hyperthermophilic and hydrogenotrophic methanogens in the hottest 

part of the gradient, especially in ultramafic vent fields with high H2 concentrations, can significantly 

increase CH4 and reduce H2 within the subseafloor  (Nercessian et al., 2005; Reveillaud et al., 2015; 

Wankel et al., 2011). Another example of this ecosystem engineer role of microorganisms can be 

observed with Zetaproteobacteria. Because of their particular metabolism, this group has the unusual 

capacity to form ironoxyhydroxides minerals, which alter microbial mats structure and likely affect 

fluid flow and potential energy source supply at a microscale. Thus, they are thought to provide new 

ecological niches enhancing local microbial diversity, as supported by the higher diversity observed in 

Zetaproteobacteria dominated mats compared to others (Hager et al., 2017).  

 

Fig 11. Example of syntrophic metabolisms between hydrothermal vent microorganisms. Adapted 

from Stokke et al. (2015). 

Syntrophic interactions between microorganisms, as yet hampered by a lack of understanding 

(Sievert and Vetriani, 2012), have also been reported to affect their potential niche. For example, an 

interesting relation between sulfur oxidizing Epsilonbacteraeota and organotrophic Bacteroidetes has 
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been pointed out in mats from Loki Castle vent field (Stokke et al., 2015) (Fig 11.). Several 

Epsilonbacteraeota are known to create exopolysaccharide sheaths, forming filamentous structures 

surrounding their cells. These filaments provide both an attachment surface and a source of organic 

carbon offering a new niche to heterotrophic bacteria such as Bacteroidetes. With this food source, 

Bacteroidetes are able to fuel their heterotrophic metabolism to produce organic matter including 

acetate. This acetate can be metabolized by Epsilonbacteraeota in return, and used as a carbon source 

since they also have potential to grow heterotrophically  by  incorporating acetate with an Acetyl CoA 

synthetase (Stokke et al., 2015). This mixotrophic behavior of Epsilonbacteraeota allows them to be in 

this case, consumers of their own primary production. This emphasizes the versatile metabolic 

capabilities of some microorganisms and contrasts the traditional cut out between strict autotrophic 

primary producers and heterotrophic consumers. Moreover, the  recent discovery of an Aquificales 

possessing a TCA cycle with fully reversible enzymes – unlike classical Krebs or rTCA cycle – and whose 

direction is controlled by the available carbon source, challenges also the necessity of classifying these 

organisms between autotrophs and heterotrophs (Nunoura et al., 2018). 

Niche repartition of heterotrophic microorganisms remains even so, a poorly studied 

component of hydrothermal vent ecosystems, as these lineages were mostly studied for culturing 

purposes and biochemical properties. Often detected (Crépeau et al., 2011; Cruaud et al., 2017; Flores 

et al., 2011; Lanzén et al., 2011; Perner et al., 2013b), hydrothermal vent heterotrophs distribution has 

rarely been investigated in details, as the research on hydrothermal vent ecosystems was more 

oriented historically on chemolithoautotrophs.  A recent finding from several samples collected at 

Menez Gwen vent field on the Mid Atlantic ridge has revealed abundant presence of heterotrophic 

bacteria in the immediate vicinity of diffuse vent fluids (Meier et al., 2016). Mainly composed of 

Alphaproteobacteria (Rhodobacterales such as Sulfitobacter or Hyphomonas) and 

Gammaproteobacteria (from Oceanospirillales, Pseudomonales, Alteromonales and Vibrionales family) 

groups, these communities were also different from those found in hydrothermally unaffected water 

nearby. Organic compounds produced by vent fauna or microbial mats can be used as carbon and 

energy source for these heterotrophic bacteria. Nonetheless, presence of genes related to unusual 

metabolic pathways showing ability to degrade organic compounds such as volatile fatty acids or 

hydrocarbons, suggest their use as an alternative energy source when present in vent fluids (Bertrand 

et al., 2013; Meier et al., 2016). This sketches out the existence of a “heterotrophic belt” surrounding 
zones of active primary production within vent fields.  

Interactions with the vent fauna are also occurring with microbial mats covering sometimes 

visually dominant fauna such as tubeworms, crabs or mussels, but the nature of these interactions 

remain unclear (Crépeau et al., 2011; Giovannelli et al., 2016; O’Brien et al., 2015). In mussel 

assemblages for example, commensal relationships have been hypothesized where chemosynthetic 

bacteria would benefit from fluid dispersion by mussels and numerous heterotrophs could degrade 

organic material released by the animal (Crépeau et al., 2011).  

By all means, symbiotic interactions between chemosynthetic bacteria and various hosts are at 

the core of ecosystem functioning in hydrothermal vents (Cavanaugh et al., 2013). 
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P.1.3 Hydrothermal vents – Houses for an intriguing symbiotic life  

P.1.3.1 Clarification on the symbiosis definition 

Since the beginning of hydrothermal vent biology research, symbiosis has always been 

considered as a fundamental characteristic driving ecosystems (Cavanaugh, 1981). For each vent field 

where dense faunal assemblages were observed, symbiotic interactions within the dominant 

megafaunal animals were discovered. With the increasing exploration and research of new vent fields 

(cf. part 1.1.2), many more are undoubtedly waiting to be unveiled. Recent focus on meiofauna, 

previously often overlook , could also be a large source of new discoveries (Bellec et al., 2018; Zeppilli 

et al., 2018). 

However, giving a clear definition of what is a symbiotic interaction has proved to be a very 

difficult task, given that its exact meaning has evolved many times since the first definition proposed 

by Anton de Bary : “Das Zusammenleben ungleichnamiger Organismen” or “the together life of 

dissimilar organisms” (de Bary, 1879). Increased efforts to understand the roles of those intricate 

relationships between two (or even more) partners in the past century have led to confound symbiosis 

with obligate mutualism (i.e. reciprocal benefit) between two organisms. At that point, symbioses were 

integrated in a conceptual view of interspecies interactions, classified by the level of impact they have 

on each other. With this theoretical framework, interactions are divided between beneficial and 

detrimental relationships as summarized in (Fig 12.).  

This concept of costs and benefits was closely linked to the notion of fitness, usually related to 

a measure of the reproductive success for each partner, both alone and together. To assess the nature 

of a given interaction, ‘only’ a  measure of the number of offspring able to reach the reproductive age 

for each condition – with and without the interaction – was needed. Unfortunately, this has revealed 

to be nearly impossible to demonstrate in the case of obligate associations, since survival rates without 

the partner often reach zero by definition. In these cases, interdependency is so strong that speaking 

of benefits or costs does not make any sense, since no comparison with aposymbiotic individuals – i.e. 

without the symbiont – exists in nature (Duperron, 2017). 

 

Fig 12. Schematic view of interspecies interactions. From Duperron (2017). 

Owing to these issues, researchers have tried more recently to refine the concept of symbiosis 

without concealing the specificity of those interactions. Some have stressed the notion of stability in 

time with the idea of a sustainable association, including again parasitic interactions as well, like in the 
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first definition of Du Bary (Combes, 1995). This bridge between mutualistic symbioses and parasitic 

interactions, accentuated by this common notion of long-term interactions, suggests that one could 

have evolved from the other along the evolution. The similarity between mutualistic and parasitic 

interactions has found further support more recently with the discoveries of shared mechanisms for 

cell communication system and immune defense genes at the molecular level (Chu and Mazmanian, 

2013; McFall-Ngai et al., 2012; Wippler et al., 2016). Others have insisted on the acquisition of new 

metabolic capabilities inherent to the interaction of the two partners, which joins the current of 

definition of syntrophy already discussed (cf. part 1.2.4) (Douglas, 1994). Each partner has the potential 

to realize only a part of a full metabolic pathway(s) and/or synthesis of some compounds, sometimes 

of high adaptive value. Then they are dependent on each other to fully realize complete metabolic 

pathways for growth.  

Considerations on symbioses have progressively reshaped our perception of the evolution 

since our first understanding of their importance in “The Origin of Species” (Darwin, 1859). With the 

recent arise of the “holobiont” concept, a new postulate suggests that natural selection in some of 
those interactions could impact the chimeric entity formed by both partners – the holobiont – rather 

than each partner separately (Mindell, 1992). Holobiont entities, instead of species, would then 

correspond to the ecological units subjected to evolutionary processes. For a current definition of 

symbiosis, the rest of the manuscript will agree with the one given by (Zook, 2015), which summarizes 

all the advances made recently: 

“Symbiosis is the acquisition of an organism(s) by another unlike organism(s) and through 

subsequent long-term integration, new structures and metabolism(s) emerge” 

This can also be resumed by mathematical equations often used by Lynn Margulis (Margulis, 1971):  

- 1 + 1 = 1 which implies one partner addition to one partner forming one unique entity 

- 1 + 1 > 2 meaning that the whole entity potential is more than the sum of each partner 

capabilities, which joins the notion of emergence. 

This definition has a significant advantage insofar as each of its part can be studied and tested. 

New structures can be observed with various microscopy techniques, and new metabolisms addressed 

with in vivo experiments and emerging meta-omics approaches. On the other hand, acquisition and 

subsequent long-term integration over the life cycle “only” require to have a global view of each 
partner’s life cycle to follow their relationship at each life stage.  

Although the world of symbiosis is extremely diverse, even in the restricted group of 

chemosynthetic symbioses which can be found in many ecosystems such as mangroves, coral reef or 

seagrass sediments, this manuscript will focus mainly on those found in hydrothermal vent ecosystems 

with some notes on other deep sea chemosynthetic based environments like cold seeps.  

P.1.3.2 Chemosynthetic symbioses: Variable hosting strategies 

Symbiotic interactions have been identified in almost every metazoan phylum present in 

hydrothermal vents, including annelids, mollusks both bivalves and gastropods, arthropods, and 

nematodes (Bellec et al., 2018; Dubilier et al., 2008). To welcome their bacterial partners, a wide 

variety of morphological adaptions is displayed, as much between as within these different groups, 

reflecting a large adaptive flexibility from the hosts (Fig 13.). Depending on the symbiont locations, 
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symbioses are traditionally classified as endosymbioses when symbionts are housed internally and as 

ectosymbioses when they are external of the host cells/organs.  

In siboglinids tubeworms (Fig 14.), symbionts are housed in a specialized organ, the 

trophosome, within cells called bacteriocytes. This trophosome originates from different embryonic 

tissues, depending on species, and exhibit different histo-anatomical characteristics. In 

vestimentiferan species – like Riftia, Tevnia, Ridgea or Escarpia –, this organ is massive, extending in 

the entire trunk region of the animal, and harbors a high bacterial density, up to 25% of the 

trophosome volume in Riftia (Bright and Sorgo, 2003). By contrast, the same organ in frenulates 

species only corresponds to the posterior part of the trunk, with much lower bacterial densities (less 

than 1% of the trophosome), but appears to have the same embryological origin (Katz et al., 2011). 

Osedax  siboglinid bone-eating worms that colonize large carcasses falling on the seafloor, harbor a 

radically different trophosome that is hosted within root-like structures that invade and grow inside 

whalebones (Goffredi et al., 2005). However, it exhibits some convergence with the trophosome of 

large vestimentiferan species, being likewise derived from the mesoderm. 

 

Fig 13. Some morphological adaptations displayed by hydrothermal vent species to house symbionts. 
Blue: hosting organs. Methou et al. (2019).  
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So far, the only other case of symbiont housed in an enclosed part of the body is found in 

gastropod species from the peltospirid family (Fig 15.): Chrysomallon squamiferum and the different 

Gigantopelta species (Chen et al., 2017). Their “trophosome” organs, derived from the esophageal 

gland in both cases but stem probably from two different and convergent evolutionary events to a 

symbiotic lifestyle (Chen et al., 2017). In these associations, reduced compounds and oxygen have to 

be brought by the hosts to the symbionts. 

 

Fig 14. Overview of the siboglinid tubeworm diversity in hydrothermal vents and in other 
chemosynthetic ecosystems. A. Riftia pachyptila tubeworms from the Galapagos spreading center 
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where they have been first discovered. © Wikimedia commons. B. Ridgea piscesae tubeworms from 
the Juan de Fuca Ridge. © V. Tunicliffe and K. Juniper. C. Oasisia alvinae tubeworm colony usually 
associated with Riftia pachyptila and Tevnia Jerichonana in the EPR vent fields but observed alone in 
this vent field of the Pescadero Basin – i.e., the Junction between the EPR and the Guaymas Basin. © 
ROV Subastian/SOI (Schimdt Ocean Institute). D. Lamellibrachia luymesi individuals from the Gulf of 
Mexico. Blue color on the tube corresponds to artificial marking to follow their growth. © NOAA. E. 
Osedax sigridae specimen from whale falls in the Monterrey Canyon. © (Rouse et al., 2018). F. Osedax 

talkovici specimen from whale falls in the Monterrey Canyon. © (Rouse et al., 2018). 
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Fig 15. Overview of peltospirid snail diversity in hydrothermal vents A. Scaly foot gastropods (C. 

squamiferum) close to vent fluid emissions with vent crabs and vent shrimps at the Longqi vent field. 
© (Copley et al., 2016) B. Chrysomallon squamiferum and Gigantopelta aegis assemblages at Longqi 
vent field. © (Copley et al., 2016) C. Black morphotype of Chrysomallon squamiferum specimen from 
Kairei vent field. © Chong Chen; IUCN Red List D. White morphotype of Chrysomallon squamiferum 

specimen from Solitaire vent field. © (Nakamura et al., 2012).  E. Gigantopelta aegis specimen from 
the South West Indian Ridge. © Chon Chen. F. Gigantopelta chessoia from the East Scotia Ridge. © 
Chong Chen. 

In other gastropods from the provannid family, including Ifremeria and Alviniconcha species, 

endosymbionts are hosted inside gill cells and are more directly in contact with vent fluids (Suzuki et 

al., 2005a, 2005b; Urakawa et al., 2005; Windoffer and Giere, 1997). Moreover, for Gigantopelta snails, 

bacterial communities were observed in their gills in addition to “trophosome” ones (Heywood et al., 

2017). Similar observations were made for many bivalves such as bathymodiolin mussels – 

Bathymodiolus, Idas, Gigantidas and Benthomodiolus – or vesicomyids clams – Calyptogena, 

Phreagena and Issoporrodon (Fig 16.) – with symbionts also located in their gills, inside vacuoles of 

bacteriocytes (Duperron, 2010; Duperron et al., 2013; Fiala-Médioni and Métivier, 1986). Surprisingly, 

the presence of symbionts nested extracellularly between gills microvilli was observed in some mytilid 

species such as Idas washingtonia and Benthomodiolus erebus in Juan de Fuca Ridge vent sites (Oliver, 

2015; Southward, 2008).  
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Fig 16. Overview of the vesicomyid clam diversity in hydrothermal vents and in other chemosynthetic 

ecosystems. A. Calyptogena magnifica clam beds from the EPR. © T. Shank (WHOI). B. Phreagena 

okutanii specimen from the Okinawa trough. © R. von Cosel (Chess). C. Laubiericoncha chuni specimen 

from the Gulf of Guinea cold seeps. © (Krylova and Sahling, 2010). D. Isoporodon bigoti specimen from 

the Gulf of Guinea cold seeps. © (Krylova and Sahling, 2010). E. Isoporrodon megadesmus specimen 

from the Gulf of Cadiz © (Oliver et al., 2011). 

Ectosymbioses are observed in many other phyla. These types of symbiotic interactions exhibit 

different level of integration from “simply” fixed to body parts of the animal as for nematode worms 
(Bellec et al., 2018), to attached on specifically modified anatomical parts within the “branchial cavity” 
in Alvinocaridid shrimps (cf. part 2.1.2 for more details). In Alvinella spp. polychaetes for example, 

bacterial partners are localized on numerous hair-like structures present on the dorsal part of their 

body, which are absent in Paralvinella, their sister group species (Cary et al., 1997).  

Kiwa crabs give another example of anatomical variation within the same family. Although 

spread all along their cuticular carapace, epibionts are preferentially associated to bristle setae of the 

enlarged arms – i.e. chelipeds – in Kiwa puravida (Thurber et al., 2011). Similarly,  epibionts are more 

localized on dense plumose setae of the arms and on the ventral part of the legs in Kiwa hirsuta 
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(Macpherson et al., 2005), whereas they are restricted to ventral body parts in Kiwa tyleri (Thatje et 

al., 2015a). In the perspective of the evolutionary history of the group, the variation between plumose 

and bristle setae seems to correlate with a divergent event in the kiwaid family (Roterman et al., 2018). 

Interestingly, the hosting strategy of K. tyleri is more similar to the dense plumose setae also found on 

the ventral part of the body of Shinkaia crosnieri crabs, although both species belong to two different 

anomuran families (Tsuchida et al., 2011). This convergence denotes potentially a similar lifestyle to 

feed their symbionts in the two species. 

P.1.3.3 Chemosymbiosis: specificity and diversity of the bacterial partners 

P.1.3.3.1 Diversity of chemosynthetic endosymbioses 

Chemosynthetic symbioses involve a wide diversity of bacterial partners in hydrothermal vents 

and other deep-sea ecosystems. Despite this diversity, thiotrophic Gammaproteobacteria have been 

identified as the main symbiont in most hydrothermal vent endosymbioses. Belonging to different 

bacterial lineages according to the host family, they have been reported as dominant in the gills of  

many bathymodiolin mussels, vesicomyid clams and provannid snails (Beinart et al., 2012; Duperron, 

2010; Suzuki et al., 2006b) as well as in the trophosome of peltospirid gastropods and siboglinid 

tubeworms (Bright and Lallier, 2010; Goffredi et al., 2004; Heywood et al., 2017).  

Whereas H2S consumption has been confirmed in early studies for many of these symbioses 

(Belkin et al., 1986; Childress et al., 1991; Fisher et al., 1987; Girguis and Childress, 2006), use of H2 as 

alternative energy source by Gammaproteobacterial symbionts has only been acknowledged recently, 

offering some level of plasticity in vent fields with variable fluid geochemistry (Petersen et al., 2011a). 

Additionally, the use of partially oxidized sulfur compounds – like thiosulfate and polysulfide – more 

stable but less energetic than sulfide, appears to fuel their metabolism as well (Beinart et al., 2015). 

This ability to use different reduced states of sulfur compounds is believed to expand considerably the 

niche of Gammaproteobacterial symbionts to the cooler part of the mixing gradient, where sulfide 

species are completely oxidized but where other sulfur compounds are still available. Moreover, 

thiosulfate and polysulfide excretion by host animals under high sulfide conditions – most likely due to 

detoxification– stress their importance, animals closest to the fluids providing indirectly substrates for 

the ones behind (Beinart et al., 2015). 

Metagenomic studies confirmed such plasticity of fueling sources highlighting that thiotrophic 

Gammaproteobacteria endosymbionts largely encompass metabolic capacities of their free-living 

relatives (Kuwahara et al., 2007; Nakagawa et al., 2014; Newton et al., 2007; Sayavedra et al., 2015). 

Still, one intriguing particularity found in genomes was the unexpected presence of both rTCA and CBB 

carbon fixation pathways co-occurring in Riftia pachyptila symbionts (Robidart et al., 2008) as well as 

in symbionts of other vestimentiferans species – but not frenulates (Gardebrecht et al., 2012; Li et al., 

2018; Thiel et al., 2012). The rTCA cycle requiring less energy than the CBB cycle, the ability to switch 

between the two pathways has been suggested to be an adaptive advantage when energy sources are 

fluctuating. Correspondingly, symbionts thriving in high sulfur content environments express more CBB 

related proteins whereas those living within sulfur depleted habitats express more rTCA related 

proteins (Markert et al., 2007). Moreover, genes involved in heterotrophic metabolism, chemotaxis 

and motility were also retained in their genome, although not expressed as proteins in their hosts 

(Markert et al., 2007; Robidart et al., 2008). These genes are believed to correspond to the free-living 
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life style of those symbionts, consistent with the presence of these free-living stages in seawater 

outside the vent fluids influence (Harmer et al., 2008) .  

Gammaproteobacterial symbionts from the Chromatiales order are highly conserved in 

siboglinid tubeworms, with a single phylotype per host species, based on 16S rRNA gene marker, in 

most studied individuals (Bright and Lallier, 2010). Furthermore, phylotypes were sometimes shared 

between co-occurring species of the same geographical region or between species of different ridge 

systems (Gardebrecht et al., 2012; Perez and Juniper, 2016). This homogeneity was further confirmed 

by metagenomics studies with a 90% conserved core genome, still, with some structuration according 

to geographic distance and/or host specificity. Variations, corresponding to different strains of the 

same symbiont species, between the different host genomes or according to their geographic regions 

were mainly attributed to genetic drift processes and adaptation to viral interactions (Perez and 

Juniper, 2016). The existence of several strains among Riftia tubeworms was confirmed also by recent 

studies (Perez and Juniper, 2018; Polzin et al., 2019). 

On the other hand, different phylotypes of symbionts were reported within the same host 

species, between individuals from different geographical locations. For example, Escarpia laminata 

from two different areas of the Gulf of Mexico were harboring two different symbiont phylotypes 

(Nelson and Fisher, 2000). In addition, Lamellibrachia anaximandri tubeworms from Mediterranean 

vent sites and cold seeps harbored two closely related but different symbiont phylotypes within the 

same individual (Duperron et al., 2009; Zimmermann et al., 2014). These two symbionts were 

organized in regions all along the trophosome but without consistent pattern of distribution between 

individuals (Zimmermann et al., 2014). All these results highlight that different patterns of host 

specificity with bacterial partners can arise even from the same host group. In the first case, the 

presence of different symbionts according to the vent site could be related to a better fitness of this 

symbiont to the local environmental conditions or to the existence of two symbiont populations 

affected by dispersal barriers, unlike their host. In the second case, the presence of two symbionts 

within the same host could arise from hypervariable environmental conditions with one symbiont 

adapted to some parts of the environmental gradient and the second symbiont to the other parts. 

Indeed, even closely related microorganisms with apparently redundant metabolic capabilities can be 

adapted to subtly different environmental conditions as highlighted by several studies (Jaspers and 

Overmann, 2014; Johnson et al., 2006b; Meier et al., 2017). The same pattern could also come from a 

syntrophic relationship between the two symbionts, each performing partially some of their complete 

metabolic pathways. 

Endosymbionts of bathymodiolin mussels (Fig 17.) were found to be even more diverse. The 

most abundant and widespread are belonging to another thiotrophic Gammaproteobacterial group, 

not endemic to hydrothermal vents ecosystems. 

In rarer instances, methanotrophic Gammaproteobacterial symbionts were found to be the 

only symbiotic partner, such as for Bathymodiolus childressi (Childress et al., 1986; Duperron et al., 

2007). In many cases, however, both symbionts were co-occurring within the same host, variations in 

their relative abundance being attributed to surrounding fluids composition rather than host species 

(Distel et al., 1995; Duperron et al., 2006, 2007, 2011) (Fig 18.). 

Indeed, both Bathymodiolus azoricus and Bathymodiolus puteoserpentis from the MAR were 

dominated by methanotrophic symbionts in ultramafic vent sites presenting higher CH4 concentrations 
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compared to basaltic vent sites (Duperron et al., 2006). This was further confirmed by several 

experiments performed using pressure chambers or at atmospheric pressure (Fig 18.). Changes in 

reduced compounds availability – induced by a sulfur or methane pulse – can drastically increase, or 

decrease symbionts relative abundance according to their preferential energy source (Duperron et al., 

2016; Halary et al., 2008; Riou et al., 2008; Szafranski et al., 2015b), showing both plasticity and 

adaptability of symbioses in these cases. 

Even more diverse associations were reported in Bathymodiolin mussels with up to 6 symbiont 

lineages in Idas modiolaeformis and an additional Gammaproteobacterial symbiont from the 

Cycloclasticus genus in Bathymodiolus heckerae (Duperron et al., 2008; Raggi et al., 2013). Potential to 

degrade and use short chain alkanes – such as butane or ethane – both as carbon and energy, was 

revealed in Cycloclasticus symbiont genomes. This metabolism was unlike the previously hypothesized 

use of polycyclic aromatic hydrocarbons (PAHs) that was based on the known metabolic capacities of 

the free living relatives (Rubin-Blum et al., 2017). All these studies emphasize the strong flexibility and 

large metabolic capacities of these associations, enabling their acclimatization to variable 

environmental conditions.  

Like for siboglinid tubeworms, recent metagenomic studies uncovered an even larger diversity 

at the strain level of the sulfur-oxidizing endosymbionts with up to 16 different strains in four 

Bathymodiolus species of the MAR (Ansorge et al., 2019). These co-occuring strains differ in many key 

functions such as their use of energy and nutrient sources, viral defence genes and their electon 

acceptors. Such a large diversity results most likely from the important adaptability it brought to the 

holobiont. Nonetheless, the authors of this study also hypothetize that it could also be the 

consequence of a “low-cost” symbiosis (Ansorge et al., 2019). Indeed, unlike other symbioses, these 

mussels do not have to bear the cost of “feeding” their symbionts, as reduced compounds diffuse 

passively through the housing organ. Therefore, Bathymodiolus mussels may have a higher tolerance 

to maintain “less efficient” strains among “more efficient” ones as the cost for their maintenance is 
limited (Ansorge et al., 2019). These observations clearly contrasts with the other evolutionary 

theories existing so far that were based on “high costs” symbiosis where the nutritional exchanges 
were from the two sides (Frank, 1996).   
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Fig 17. Overview of the bathymodiolin mussel diversity in hydrothermal vents and in other 
chemosynthetic ecosystems. A. Bathymodiolus puteoserpentis mussel beds at Snake Pit (the Moose) 
in the MAR. BICOSE2018-Nautile © Ifremer. B. Open shell of Bathymodiolus marsindica from the SWIR 
with different organs and his commensal polynoid polychaete Branchipolynoe longqiensis. © (Copley 
et al., 2016). C. Idas washingtoniana specimen from the Juan de Fuca Ridge. © (Ritt et al., 2012). D. 
Bathymodiolus thermophilus specimen from the EPR. © S. Aiken. E. Bathymodiolus securiformis 
specimen from cold seeps off Yaeyema islands. © (Okutani et al., 2003). F. Bathymodiolus childressi 

specimen from cold seeps of the Gulf of Mexico. © S. Aiken. G. Bathymodiolus heckerae specimen 
from cold seeps of the Gulf of Mexico © (Raggi et al., 2013). 
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Fig 18. Relative Abundance of bathymodiolin symbionts highlighted by Fluorescent in situ 
Hybridization (FISH) results. Red: thiotrophic symbionts. Green: methanotrophic symbionts. A. Gills of 
B. azoricus from Menez Gwen B. Close up from figure A. on thiotrophic and methanotrophic symbionts 
C. Gills of B. azoricus from Lucky Strike. D. Gills of B. azoricus from Lucky Strike. E. Gills of B. 

puteoserpentis from Logatchev. F. Gills of fresh B. azoricus specimen from Menez Gwen before 
treatment. G. Gills of B. azoricus after 5 days of incubation with CH4. H. Gills of B. azoricus after 5 days 
of incubation with H2S. Adapted from (Riou et al. 2008), (Duperron et al. 2006) and (Szafranski et al. 
2015b). 
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A similar variability was observed in endosymbiotic associations of hydrothermal vents 

gastropods. In Ifremeria snails (Fig 19.), thiotrophic Gammaproteobacteria from another order – 

Chromatiales – are also found co-occurring with methanotrophic symbionts although the presence of 

this second partner was not always consistent between populations (Borowski et al., 2002; Seston et 

al., 2016; Suzuki et al., 2006a; Urakawa et al., 2005). In Alviniconcha gastropods (Fig 19.), a large variety 

of sulfur-oxidizing endosymbionts has been identified belonging to either Gammaproteobacteria from 

different order – closely related to Ifremeria thiotrophic symbionts or to the Thiomicrospira genus – or 

to Epsilonbacteraeota. Alviniconcha gastropods usually exhibit a preferential association with one 

symbiont species such as Alviniconcha boucheti or Alviniconcha marsindicus, always dominated by 

Epsilonbacteraeota symbionts, while Alviniconcha kojimai or Alviniconcha hessleri are dominated by 

Gammaproteobacteria (Beinart et al., 2012; Suzuki et al., 2005a, 2005b, 2006b). In the Lau Basin where 

three Alviniconcha species co-exist, a strong geographical pattern was observed with more 

Alviniconcha dominated by Epsilonbacteraeota in the northern sites and more Alviniconcha dominated 

by Gammaproteobacteria symbionts in the southern sites (Beinart et al., 2012). This was mainly 

attributed to differences in environmental conditions, the northern sites exhibiting higher H2S and H2 

concentrations. This was confirmed by transcriptomic studies in which Epsilonbacteraeota symbiont 

gene expressions were more suited for highly reduced and less oxygen-rich conditions, compared gene 

expression in Gammaproteobacteria symbionts (Sanders et al., 2013). Unlike Bathymodiolus mussels, 

potential flexibility of these associations between the different partners have still to be explored. 

Infection by an additional Oceanospirillales was also reported in almost every Alviniconcha 

dominated by Gammaproteobacteria and seldom for Alviniconcha dominated by Epsilonbacteraeota 

(Beinart et al., 2014). Although this facultative partnership does not necessarily affect these symbioses, 

it could as well mitigate co-occurrence of different Alviniconcha species by offering a new metabolic 

capacity or acting as a parasite to only some of them. Such behavior was confirmed in the case of the 

facultative association between several bathymodiolins mussels and an endonuclear parasite – sharing 

95% similarities with Alviniconcha Oceanospirillales – leading to nuclei burst and cells death in their 

gills (Zielinski et al., 2009). 

Usually seen as highly integrated and highly specific with one or two symbiotic partners only, 

chemosynthetic endosymbioses generally hide a much more important diversity, as exemplified in 

many of the most recent studies presented here. This diversity lies in some cases, at the species level 

but in many other at the strain level. Such diversity contrasts with most evolutionary theories, which 

predict that a large genetic diversity can lead to competition between the different symbionts 

species/strains and destabilize the mutualistic relationship with their hosts. In chemosynthetic 

symbioses, however, these evolutionary conflicts can be counterbalanced by the plasticity brought by 

this diversity, which offers a larger adaptability and resilience, especially in environments with 

extremely variable conditions such as hydrothermal vents. “Low-cost” symbioses where the symbionts 
maintenance cost – feeding and upkeep – are limited could also have a higher tolerance to maintain a 

high symbiont diversity, as suggested in some recent evolutionary theories (Ansorge et al., 2019). In 

conclusion, the continuity in time of these symbiotic interactions results from a complex and fragile 

equilibria, whose balance is easily disturbed as seen in the few examples of "parasites" occasionally 

present, which can end the interaction with the other symbionts. 
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Fig 19. Overview of provannids snail diversity in hydrothermal vents. A. Colonies of Ifremeria nautilei 
(black gastropods) and different Alviniconcha species (white gastropods) from the North Fidji Basin © 
(Chubacarc expedition) B. Alviniconcha marisindica specimen from the Central and South Western 
Indian Ridge. © Yoshihiro & Fujikura, (JAMSTEC). C. Ifremeria nautilei specimen from the southwestern 
Pacific basins. © Maestrati (Chess). D. Alviniconcha hessleri specimen from the Marianna trough. © 
(Johnson et al., 2015). E. Alviniconcha kojimai specimen from the southwestern Pacific basins. © 
(Johnson et al., 2015). F. Alviniconcha strummeri specimen from the Lau basin. © (Johnson et al., 2015). 
G. Alviniconcha boucheti specimen from the southwestern Pacific basins. © (Johnson et al., 2015). 
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P.1.3.3.2 Diversity of chemosynthetic ectosymbioses 

As previously stated (cf. part 1.3.2), a significant part of the dominant vent megafauna also 

hosts ectosymbionts. More complex with the involvement, in general, of a wider range of partners, 

they are also less studied than endosymbiosis. In most vent ectosymbioses, hosts are associated with 

various thin and large filamentous morphotypes attached to a specific surface of their body even if 

small rod or cocci shaped individual bacteria can be also present. Moreover, whereas 

Gammaproteobacteria dominate endosymbiotic assemblages, Epsilonbacteraeota often prevail in 

ectosymbiotic microbial consortium (Cary et al., 1997; Goffredi, 2010; Goffredi et al., 2008; Tsuchida 

et al., 2011). 

 

Fig 20. Overview of alvinellid polychaete worm diversity in hydrothermal vents. A. Alvinella pompejana 

in their tubes on the EPR. © Station Biologique de Roscoff. B. Paralvinella palmiformis assemblages at 

the Juan de Fuca Ridge. © Wikimedia commons. C. Paralvinella fijensis adult specimen (Fidji Basin). © 

Chess D. Alvinella pompejana adult specimen. © O. Dugornay (Ifremer). E. Paralvinella fijensis adult 

specimen. © Chess F. Paralvinella sulfincola on bare rock at the Juan de Fuca Ridge. © K. Onthank. 
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In Alvinella pompejana polychaetes (Fig 20.) for example, two phylotypes of filamentous 

Epsilonbacteraeota were found associated with the dorsal setae of their host (Cary et al., 1997). 

Knowledge of  the symbiotic diversity was extended further by a metagenomic study reporting around 

10 to 15 different phylotypes within the same host (Grzymski et al., 2008). Besides, this same study 

also revealed the very high plasticity of this relationship with the presence of several orthologous key 

proteins with different inferred thermal optimum in the episymbiotic core genome. This protein 

diversity provides most likely an adaptive advantage to a wider range of temperature, essential for 

Alvinella worms living very close to the fluid emissions in the most fluctuating part of these 

environments (Grzymski et al., 2008). However, it is still unclear whether these proteins correspond to 

an adaptation of each symbiont phylotype to a specific thermal range or if this offers to some – and 

maybe all – of them a large thermal tolerance.   

Filamentous Epsilonbacteraeota are also predominant in communities associated with vent 

decapods like Kiwa and Shinkaia crabs (Fig 21.). Additionally, this dominant symbionts are always 

observed co-occurring with another sulfur-oxidizing epibionts – a Gammaproteobacteria from the 

Thiotricaceae family – and members of the CFB group including the Bacteroidetes (Goffredi et al., 2008; 

Tsuchida et al., 2011; Watsuji et al., 2010). The presence of this last group echoes the observations of 

Stokke and his collaborators discussed previously in this manuscript (cf. part 1.2.4). Although not 

highlighted by any studies so far, it is still plausible that similar syntrophic interactions between 

Epsilonbacteraeota and Bacteroidetes partners could take place in these symbiotic consortiums.  

Methanotrophic Gammaproteobacteria were also detected in these associations, especially in 

individuals from methane rich environments such as Kiwa puravida from cold seeps off Costa Rica or 

Shinkaia crosnieri from the Iheya North vent site (Goffredi et al., 2014; Watsuji et al., 2010). For S. 

crosnieri, this symbiont was confirmed to be active using CH4 as a sole energy and carbon source with 

radiolabeled 14CH4 experiments (Watsuji et al., 2014). Moreover, long time rearing experiment – up to 

a year – with only methane as a feeding source, led to a shift in the ectosymbiotic community with a 

complete loss of the sulfur-oxidizing Gammaproteobacteria and Epsilonbacteraeota and a large 

dominance of the methanotrophic partners, still active and able to incorporate methane to feed their 

host (Watsuji et al., 2018).  

In Kiwa tyleri, strong variations of the epibiotic communities were detected as well between 

crabs living in different vent fields (Zwirglmaier et al., 2015). As for Alviniconcha endosymbionts, 

Epsilonbacteraeota were the more abundant symbionts in crabs collected from vent sites with the 

highest H2S concentrations. Kiwa crabs from the other vent fields, enriched in Fe and unexpectedly 

highly concentrated in Mn, were exhibiting a more unusual relationship. In addition to a much higher 

abundance of Thiotricaceae Gammaproteobacteria as expected for low H2S conditions, 

Gammaproteobacteria affiliated to the Marinobacter family were highly abundant as well. Based on 

metabolic evidence from their free-living relatives (Edwards et al., 2003; Wang et al., 2012), authors 

have suggested that these newly described symbiotic partners would use Mn or Fe as energy source, 

consistent with the high abundance of these compounds in fluids from this vent field (Zwirglmaier et 

al., 2015). Although these hypotheses need confirmation with metagenomic studies and in vivo 

experiments with radiotracers, this underlines, once again, the strong versatility of these 

chemosynthetic symbioses, able to harness and make the better use of their symbiont metabolic 

potentials according to the environmental conditions.  
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Fig 21. Overview of kiwaid crab diversity in hydrothermal vents and in other chemosynthetic 
ecosystems. A. Kiwa tyleri aggregates from the East Scotia Ridge. © (Rogers et al., 2012) B. Shinkaia 

crosnieri aggregates from the Okinawa trough. © (Yang et al., 2016). © C. Kiwa hirsuta specimen from 
the Pacific-Antarctic Ridge with bristle setae on its arms. © (Macpherson et al., 2005). D. Shinkaia 

crosnieri specimen with plumose setae on the ventral part of its body. E. Kiwa tyleri from the East 
Scotia Ridge (plumose setae on its ventral part). © (Thatje et al., 2015a). F. Kiwa puravida from cold 
seeps off Costa Rica with bristle setae © (Goffredi et al., 2014). 

Metabolic abilities of symbiotic partners can also be counter intuitive as shown in the 

intriguinguing case of members of the Candidatus Thiobarba family (Espilonbacteraeota) occurring in 

epibiotic associations with bathymodiolin mussels (Assié et al., 2016). Found together with the 

gammaproteobacterial endobionts, these associations have only been described recently in several 

Bathymodiolus species such as B. azoricus, B. childressi or B. manusensis, but not in other species 

investigated such as in B. puteoserpentis or B. thermophilus (Assié et al., 2016). Unlike other 

Espilonbacteraeota that all posess a rTCA cycle (cf. part 1.2.1 and 1.2.2), Ca. Thiobarba ectosymbionts 

seem to have acquired a complete set of genes corresponding to a functional CBB cycle whereas many 

genes required for the rTCA cycle are lost (Assié et al., 2019). More surprisingly, the CBB genes of Ca. 
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Thiobarba appear to have been acquired horizontally from multiple co-occuring bacterial sources 

including the Gammaproteobacteria endosymbionts of their mussel host. This case highlights once 

again the predominant influence of the environmental conditions over phylogenetic relatedness on 

bacterial evolution and show the role that horizontal gene transfer can have on the metabolic 

modularity of bacteria (Assié et al., 2019). Still, the possible role of these epibionts for their host health 

and/or survival remains to be demonstrate. 

In summary, ectosymbioses, although having varying degrees of integration with their host, 

remain always less integrated than any endosymbiotic interactions. This continuum of symbiont 

integration with their host, from ectosymbioses simply attached to the body surface to intracellular 

endosymbioses, does no reflect however the degree of intimacy and the evolutionarity stability of the 

relationship. Indeed, a comparison of two chemosynthetic symbioses from shallow water 

environments show more congruent topologies between the phylogenetic trees – and thus a larger 

level of cospeciation and evolutionary stability – of the host and its symbiont in the group harboring 

ectosymbioses – stilbonematine nematodes – than in the group harboring endosymbioses – 

phallodriline gutless annelids (Zimmermann et al., 2016). In general, deep-sea chemosynthetic 

ectosymbioses are more oftenly associated with Epsilonbacteraeota whereas endosymbioses are 

predominantly associated with Gammaproteobacteria. However, unlike chemosynthetic 

endosymbioses, chemosynthetic ectosymbioses diversity is not limited to these two bacterial groups 

and often involves a larger number of partners, and thus a wider metabolism diversity, using unusual 

energy sources such as Fe or Mn. Despite this fact, some studies on ectosymbiosis still presume 

bacterial metabolisms based solely on their taxonomy - 16S barcoding - without carrying out studies 

of their genomes, which can lead to innacurate interpretations. 

P.1.3.4 Host adaptation to a chemosymbiotic life style 

Evaluating the degree of dependence of animal hosts on symbiotic nutrition has turned out to 

be quite challenging. Often, it is inferred from anatomical singularities that significantly depart from 

the typical body plan anatomy. Apart from a hypertrophied hosting organ, other anatomical traits, 

sometimes more specific to a taxonomical group, can also help to understand host-feeding mode. For 

example in gastropods, weak radula, a structure analogous to teeth, is probably of limited use for an 

active grazing or detritivorous feeding mode, and could denote a symbiotic based nutrition if 

associated bacteria are observed (Chen et al., 2015b; Goffredi, 2010).  In general, total lack of digestive 

system such as for Riftia tubeworms, or at least its strong reduction as in vesycomyid clams, has been 

raised as undeniable evidence of a strong reliance of the host on its symbionts for nutrition (Fiala-

Médioni and Métivier, 1986; Nussbaumer et al., 2006). However, nutritional transfer of the symbiont 

organic matter production is diverse, and the absence of digestive system reduction does not 

necessarily exclude a symbiotic lifestyle.  

Indeed, Kiwa and Shinkaia crabs appear to harvest bacterial symbionts on their setae. As 

evidenced by behavioral observations and radiolabeled tracer experiments, crabs scrap off their 

epibionts and ingest them via their digestive organs  (Miyake et al., 2007; Thurber, 2015; Watsuji et 

al., 2015). All digestive organs remain thus completely functional.  

In other chemosynthetic symbioses, this nutritional transfer can be achieved by two different 

strategies: the leaking of small organic molecules from the symbionts, also called the “milking” 
strategy, or the complete digestion of the symbionts by the host, the “farming” strategy. In 
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Bathymodiolus mussels, the transfer of 14C radiolabeled carbon to the host tissues takes days (Fisher 

and Childress, 1992; Riou et al., 2008) which supports other ultrastructural and enzymatic evidences 

that symbionts are killed and digested by their host in intracellular lysozymes (Fiala-Médioni et al., 

1994, 2002; Streams et al., 1997). In Riftia tubeworms, the carbon transfer can be observed in 

incubations as short as 15 minutes, suggesting that an important part of the symbiont production is 

released in the form of organic molecules (Bright et al., 2000). Moreover, high apoptosis of 

bacteriocytes from the peripheral part of their trophosome indicates that both symbiont “farming” 
and “milking” contribute to their host nutrition (Bright et al., 2000; Pflugfelder et al., 2009). Similarly, 

enzymatic studies involving the detection of two different lysosomal vesicles in Bathymodiolus mussels 

with distinct enzymatic content and elemental composition indicate that these two strategies could 

co-occur in these animals as well (Kádár et al., 2008). 

In addition to this symbiont-based nutrition, some host species can retain some ability for 

alternative nutrition modes, such as filter feeding in Bathymodiolus mussels (Page et al., 1991; Riou et 

al., 2010). Nonetheless, this feeding mechanism does not seem sufficient to sustain these mussels 

without the help of their symbionts, as suggested by the bad physiological state of mussels from 

waning vent sites, or transferred from fluid emissions to inactive habitats (Raulfs et al., 2004).  

These nutritional strategies come along with physiological rearrangements and behavioral 

adaptations in the hosts to provide steadily both oxygen and reduced compounds to the symbionts 

(Childress and Girguis, 2011). For example, repeated observations of Kiwa crabs “dancing” by wavering 
their arms between seawater and reducing vent fluids have been interpreted as a behavior to increase 

their epibionts productivity (Thurber et al., 2011). 

Symbiontic demand in oxygen and reduced compounds is especially critical if symbionts are 

located in enclosed organs with no access to the surrounding fluids. In many animals, H2S has been 

reported as a competitive inhibitor of oxygen for many respiratory pigments. Riftia tubeworms possess 

hemoglobins with an adapted protein structure presenting two different binding sites, one for sulfide 

and one for oxygen.  The two compounds are fixed specifically and independently on the hemoglobin 

molecule in the red branchial plumes of Riftia (Zal et al., 1998). Then, these compounds are transported 

and released to the trophosome via the dense circulatory system of these animals to feed their 

symbionts (Childress and Girguis, 2011). A similar adaptation has been suggested to occur in 

Chrysomallon snails as well. These snails possess a giant heart – approximately 4% of their body volume 

– most likely to increase the oxygen supply to their endosymbionts (Chen et al., 2015b). In Calyptogena 

clams, the foot of the animal is wedged between vent cracks with diffuse emissions, whereas the 

siphon actively pumps the more oxygenated seawater. Thus, both sulfide and oxygen are provided 

independently to the symbionts with two transporters: one for sulfide within the foot and one for 

oxygen – a hemoglobin – through the circulatory system (Zal et al., 2000). Host proteins such as 

carbonic anhydrase (CA) can also facilitate CO2 transport for its inorganic fixation by the symbionts 

(Goffredi et al., 1999). CA was found to be one of the most abundant proteins expressed in gills 

metaproteomes of Bathymodiolus azoricus where it could serve to preconcentrate CO2 for carbon 

fixation by the sulfur-oxidizing symbionts or to transfer the waste products of the methanotrophic 

partners to the thiotrophic ones (Ponnudurai et al., 2016). This key role of CA for this symbiotic 

relationship was especially apparent when CA expression in the animal gills was compared to its lower 

expression in non-symbiotic tissues, like the foot. In B. azoricus, metabolic complements could also be 

brought by the host to replenish some crucial intermediates – like oxaloacetate or succinate – missing 
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from the thiotrophic symbiont Krebs cycle, unlike its free-living relative (Ponnudurai et al., 2016; Walsh 

et al., 2009). In return, symbionts have the possibility to compensate host’s putative deficiency in some 
key amino acids and vitamins biosynthesis. This compensation of each partner auxotrophy – i.e. the 

inability to synthetize a vital compound – by the other one highlights the strong metabolic 

interdependencies observed in these symbioses. 

In addition to their nutrition role, chemosynthetic symbionts are suspected in many cases to 

have a role of detoxification by transforming, with their metabolism, the toxic reduced compounds 

into less damaging byproducts (Auguste et al., 2016; Jan et al., 2014). The peltospirid snail, 

Chrysomallon squamiferum, present probably one of the most original ways of recycling these 

byproducts which are used to form the iron sulfide coating of its scales with iron from the fluids (Okada 

et al., 2019). These detoxifying process supported by the symbionts can act in addition to the own 

detoxifying mechanisms of their host or with those of species associated with their host (Bebianno et 

al., 2018; Zhou et al., 2018), such as the polynoid scale worms Branchipolynoe seepensis, living inside 

some vent mussels species. These polychaetes are probably detoxifying metals for their hosts as 

suggested by the lower metal concentrations and the lower enzymatic activity of antioxidant proteins 

in the mussels associated with these polychaetes in comparison to those without polychaetes 

(Bebianno et al., 2018).  In addition to these adaptations related to the symbiotic life style, vent fauna 

exhibits also other specific adaptations to the particular environmental conditions of vent ecosystems. 

 

P.1.4 Hydrothermal vents - Adaptation and biogeography of fauna 

P.1.4.1 Adaptation to hydrothermal vents environmental conditions   

 In addition to the anatomical and physiological changes chemosymbiotic animals from 

hydrothermal vents have undergone to host their symbionts, they also have developed important 

adaptations allowing them to cope with the extreme conditions of these environments. Among the 

most important ones, the extremely high and variable temperatures, as well as the limited oxygen 

concentrations in the reduced part of the gradient, are probably the main limiting parameters that 

control the distribution of the vent fauna. Therefore, a strong zonation of the different vent species is 

frequently observed all along the environmental gradient (Cuvelier et al., 2009; Govenar et al., 2005; 

Luther et al., 2001; Marsh et al., 2012; Sarrazin and Juniper, 1999; Sen et al., 2013). Along the MAR, 

this zonation separates alvinocaridid shrimps, generally found at the hottest part of the inhabited 

gradient, from the bathymodiolin mussels living in the milder part and the predatory anemones – 

Maractis rimicarivora – at the periphery of the vent field in the colder part of the gradient (Copley et 

al., 1997; Cuvelier et al., 2009; Van Dover et al., 1997).  

 Thermal tolerance and respiratory adaptations have been studied mostly in species inhabiting 

the hottest part of the gradient such as Alvinella pompejana (Cary et al., 1998; Chevaldonné et al., 

1992; Le Bris et al., 2005; Le Bris and Gaill, 2007; Ravaux et al., 2013) or Rimicaris exoculata (cf. part 

2.1.3). Still today, A. pompejana is recognized as the metazoan with the highest thermal tolerance. 

Earlier studies have reported in situ temperature above 100°C in the close surroundings of these 

worms (Chevaldonné et al., 1992; Le Bris and Gaill, 2007). Additionally, temperature inside the tube 

they secrete, was in average between 60°C and 70°C according to other works (Cary et al., 1998; Le 

Bris et al., 2005). However, in vivo studies revealed that prolonged (2h) exposure to temperatures 
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between 50°C and 55°C is lethal or provokes important damages in A. pompejana individuals (Ravaux 

et al., 2013). Nevertheless, incubations at 42°C suggest that their upper thermal limit is above this 

temperature, confirming that this species ranks in the most thermotolerant metazoans (Ravaux et al., 

2013). This tolerance to very high temperatures could be probably higher for shorter exposure times. 

The variability of the thermal conditions in these ecosystems being extremely high, prolonged 

exposures to these temperatures are probably never experienced by these worms. For instance, 

Paralvinella sulfincola, another alvinellid species, could survived to temperatures up to 55°C for 15 min 

exposure (Girguis and Childress, 2006). In many motile species, such as these worms, an avoidance 

behavior to high temperatures is observed, with thermal preferences usually lower than their maximal 

thermal tolerance (Bates et al., 2010; Girguis, 2006). In vivo incubations in pressure device with a 

thermal gradient revealed that many motile vent species actively seek cooler temperatures with 

thermal preference between 40°C and 50°C for P. sulfincola – which tolerate temperature up to 55°C 

– or below 5°C for the spider crab Sericosura verenae that tolerate temperatures up to 36°C (Bates et 

al., 2010; Girguis, 2006). 

 Hypoxia is also an important stress, especially for the chemosymbiotic vent fauna, which need 

to deal with their metabolic requirement, but also those of their symbionts, which are extremely 

demanding in oxygen, representing up to 80% of the total oxygen consumption of the holobionts 

(Childress and Girguis, 2011; Girguis and Childress, 2006). To increase their oxygen extraction, several 

species exhibit enlarged respiratory organs such as the branchial plume of the siboglinid tubeworms 

(Hourdez and Lallier, 2007). Similarly, the scale worms of the polynoid family from other environments 

are usually devoid of gills, whereas half of the hydrothermal vent polynoids possess well-develop gills 

(Hourdez and Lallier, 2007). Particular adaptation have also been observed on the oxygen transporters 

and oxygen storage proteins – the respiratory pigments– of vent species (Hourdez and Lallier, 2007; 

Hourdez and Weber, 2005). Among them, unusually high oxygen affinity (P50) of the hemoglobins and 

hemocyanins of vent species have been reported as well as an absence of temperature effect on the 

P50 of vent arthropod hemocyanins (Hourdez and Lallier, 2007; Hourdez and Weber, 2005).  

P.1.4.2 Diversity of “non-chemosymbiotic” vent fauna & trophic interactions 

 As suggested before along this introduction, not all hydrothermal vent species are necessarily 

chemosymbiotic a priori. Among them, the most well-known groups of “non chemosymbiotic” species 
are the different polynoid (scale-worm) and ampharetid polychaetes, bythograea crabs, dirivultid 

copepods, several amphipod families, and possibly some limpets such as Shinkalepas briandi (Fig 22.). 

Although many small species from the macrofauna or the meiofauna have receive much less 

attention than the large megafaunal species. Among them, several species such as the limpet 

Lepetodrilus fucensis with a gammaproteobacterial symbiont or Cyathermia naticoides from the 

provannid family like the Alviniconcha correspond both both to gill episymbioses (Bates et al., 2011; 

Zbinden et al., 2014). In addition, epibiotic communities on both the cuticle and the digestive cavity of 

the nematode Oncholaimus dyvae, suggest the existence of a large potential of new symbioses 

discovery in meiofaunal species (Bellec et al., 2018; Zeppilli et al., 2019).  

Nonetheless, it has to be kept in mind that future studies might reveal novel symbiotic 

relationships in some of these species, leading to reconsider them as part of the chemosymbiotic vent 

fauna. All these species constitutes complex food webs that are still poorly understood as today 

(Govenar, 2012; Portail et al., 2016, 2018).  
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Fig 22. Others vent species including some “non chemosymbiotic” – according to our current 
knowledge on them, from hydrothermal vent ecosystems. A. Maractis rimicarivora anemone bed from 
the Mid Atlantic Ridge. Family: Kadosactinidae. BICOSE2018-Nautile © Ifremer. B. Segonzacia 

mesatlantica crab specimen from the Mid Atlantic Ridge. Family: Bythograeidae. © Océanopolis. C. 
Exitomelita sigynae amphipod specimen from the Loki Castle vent field (Mohn Ridge), potentially 
symbiotic with some evidences of gill epibionts. © (Tandberg et al., 2012). D. Amphisamytha fauchaldi 
polychaete specimen from the Guaymas Basin. Family: Ampharetidae. © (Stiller et al., 2013). E. 
Levensteiniella manusensis scale worm specimen from the Manus Basin. Family: Polynoidae. © (Wu 
and Xu, 2018). F. Branchinotogluma trifurcus scale worm specimen from the North Fidji Basin. Family: 
Polynoidae. © F. Pleijel (Chess). G. Aphotopontius sp. nov. copepod specimen from the Central Indian 
Ridge. Family: Dirivultidae. H. Shinkailepas briandi limpet specimen from the Mid Atlantic Ridge. 
Family: Phenacolepadidae. © (Yahagi et al., 2017a). I. Lepetodrilus fucensis limpet specimen from the 
Juan de Fuca Ridge. Family: Lepetodrilidae. © S. Aiken. 
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In addition to the species feeding on their symbionts, primary consumers are composed mostly 

of bacterivorous – grazing or filter feeding if they feed on microbial mats or free-living microorganisms 

from the fluid respectively – and detritivorous species – that can be secondary consumers as well if 

they feed on detritus of the fauna. Scavengers and predators are also commonly found in vents, 

although predation pressure is considered as generally low (Bergquist et al., 2007; Portail et al., 2015; 

Van Dover and Fry, 1994).  

Moreover, many studies revealed that trophic flexibility of many heterotrophic species from 

hydrothermal vents is high which suggests a high degree of generalism (Bell et al., 2016; Levin et al., 

2009; Portail et al., 2016, 2018) even if some vent consumers are more highly specialized (Govenar et 

al., 2015). One study on vent fields of the MAR also highlight the important trophic redundancy 

between co-occurring species, suggesting they might have the same role in the food-web (Portail et 

al., 2018). Therefore, the addition of species within a functional group does not necessarily lead to 

more complexity in the food-web (Portail et al., 2018). 

Because of the limited possibility of long-term observations in these environments, trophic 

interactions are rarely observed and trophic behaviors are mostly studied using stables isotopes. 

Different stable isotopes are use in general for hydrothermal vents studies and provide different 

information on their feeding sources, according to the variation in their ratios. For example, differences 

in carbon isotopic ratios (δ13C) are attributed to carbon sources fixed with the reductive tricarboxylic 

acid (rTCA) cycle (2 ‰ to -14 ‰) or the Calvin-Benson-Bassham (CBB) cycle (-22 ‰ to -30 ‰) (Hügler 

and Sievert, 2011). On the other hand, nitrogen isotopic ratios (δ15N) are generally used in 

hydrothermal vents to infer the trophic position of a species within the food web (De Busserolles et 

al., 2009; Portail et al., 2018) but can also result also from the use of different inorganic nitrogen 

sources such as nitrates (δ15N = 5-7 ‰) or ammonium (δ15N <0 ‰) (Lee and Childress, 1994; Riekenberg 

et al., 2016). Additionally, the large difference in sulfur isotopic ratios (δ34S) that exists between 

seawater sulfate and vent fluid sulfides is used to discriminate organic matter of photosynthetic 

(approximately 16 ‰ to 21 ‰) and chemosynthetic origin (-9 ‰ to 10 ‰) (Fry et al., 1983; Reid et al., 

2013). A recent study in hydrothermal vents of the Izu-Ogazawara Arc also revealed that natural-

abundance of the radiocarbon content (Δ14C) clearly differed between nutrient from water-column 

planktonic origin and nutrient from vent- chimney fluids origin, and possibly from nutrient from 

bottom water origin as well (Nomaki et al., 2019). 

P.1.4.3 The biogeographical provinces of hydrothermal vent ecosystems  

United by their shared dependence on chemosynthetic primary production, hydrothermal 

vent communities differ in the species they host based on their geographic location. In this way, each 

species encountered in these environments, present a more or less limited repartition, restricted to a 

single vent location in the most extreme cases, to a broader distribution in vent fields from an entire 

region of the globe.  

With the discoveries of additional vent fields from different regions of the globe, several 

tentative have been conducted to classified vent communities in different biogeographic regions 

(Bachraty et al., 2009; Moalic et al., 2012; Ramirez-Llodra et al., 2007; Rogers et al., 2012; Thaler and 

Amon, 2019). All these studies identified between five to eleven different provinces with different 

degree of confidences for each province depending on the data available at their time. Moreover, their 

number have increase with discoveries of new regions harboring different faunal assemblages than 
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those encountered so far (Plouviez et al., 2015; Rogers et al., 2012). According to the more recent 

study (Thaler and Amon, 2019), compiling data from 262 expeditions in these environments, eight 

biogeographic provinces can be recognized today in hydrothermal vents (Fig 23.). These eight 

provinces correspond to the East Pacific Rise, the Mid Atlantic Ridge, the North East Pacific (Juan de 

Fuca Ridge), the North Western Pacific Basins (Okinawa Trough, Izu-Ogasawara Arc, Mariana Arc, and 

Mariana Trough), the South Western Pacific Basins, the Indian Ocean and the more recently discovered 

East Scotia Ridge and Mid Cayman Rise.  

 

Fig 23. The eight biogeographic provinces of hydrothermal vent ecosystems. Adapted from Ramirez-
Llodra et al. (2007) and Thaler and Amon (2019).  

 These biogeographic provinces are characterized by biomass dominant vent megafaunal taxa, 

which are in almost every cases, chemosymbiotic species. Communities of the East Pacific Rise and the 

North East Pacific are dominated by large tubeworms colonies (R. pachyptila and R. piscesae) by large 

aggregations of shrimps in the Mid Atlantic Ridge, the Mid Cayman Rise and the Indian Ocean 

(respectively R. exoculata, R. hybisae and R. kairei), by yeti crabs in the Southern Ocean (K. tyleri) or by 

large snail in the North and South West Pacific Basins (Alviniconcha spp. and I. nautilei) and to a lower 

extend in the Central Indian Ridge (A. marsindicus). Bathymodiolin mussels are also very abundant or 

dominant in some vent fields in many biogeographic provinces as well, including the Mid Atlantic Ridge 

(B. azoricus and B. puteoserpentis), Central Indian Ridge (B. marsindica) and the South West Pacific 

Basins (B. septemdierum, B. platifrons, B. brevior, B. manusensis and others). Peltospirid snails are also 

quite abundant in the East Scotia Ridge (G. chessoia) and in some vent fields of the Indian Ridges (C. 

squamiferum and G. aegis).  
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Among these different provinces, the Western Pacific Basins host probably the largest diversity 

of species, especially the Northern ones, followed by the Southern Ocean province (Thaler and Amon, 

2019). This could be related to its geological diversity with both arc and back arcs settings. On the other 

hand, provinces of medium biodiversity – Mid Atlantic Ridge, East Pacific Rise, Juan de Fuca and Indian 

Ocean – all occurs on mid oceanic ridges. The Mid Cayman Rise, located on a transform fault from an 

old relic-spreading center, is by far the lowest diverse provinces, which could be related by its 

remoteness, far away from the other vents systems. Despite their extensive sampling, the regions with 

the highest expected diversity that remain to be discovered are within the West Pacific Basins. The 

Southern Ocean is also probably the poorest sampled biogeographic provinces and host as well one of 

the highest expected diversity. On the contrary, the Mid Cayman Rise, discovered approximately at the 

same period, is expected to have almost reach its unity, in term of diversity at the family level (Thaler 

and Amon, 2019).  

In addition, three expected new provinces could complete this biogeographic dataset. The East 

Pacific Rise have been recognized as two different provinces, one for the Northern part and one for 

the Southern part – including the Pacific Antarctic ridge – by some authors, whereas others classified 

it as a single province. Today, data are probably insufficient from the southern part to clearly separate 

the two (Thaler and Amon, 2019). The Mediterranean vent fields could also constitute their own 

province, although with the exception of some tubeworms they did not appear to have their own 

characteristic chemoautotrophic macrofaunal communities (Danovaro et al., 2010). This is likely due 

to their remoteness from the other vents as well as the relatively shallow depth of the vent fields 

discovered so far. At last, the Arctic offer a promising new province with the discovery of the endemic 

amphipod Exitomelita sigynae as well as some methane seep associated tubeworms (Schander et al., 

2010). Unfortunately, most of the work in this region were conducted with commercial resource 

exploration companies and data from the fauna of these areas are not publicly available (Thaler and 

Amon, 2019). 

These geographic patterns of distribution for a given species are governed by two principal 

factors acting at different time scales (Ramirez-Llodra et al., 2007). First, the historical events that have 

shaped its geographical range which act on geological/evolutionary time scales. Then, the dispersal 

potential of the species determined by the life-history patterns of their lifecycle – reproduction, larval 

ecology, recruitment abilities, symbiont availability – as well as the current topography and 

hydrography – ridge topology, water-currents – which act on ecological time scales (Ramirez-Llodra et 

al., 2007; Tunnicliffe and Fowler, 1996). 
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P.1.5 Life-cycle ecology in hydrothermal vent ecosystems 

Beyond their singular physicochemical conditions, hydrothermal vent ecosystems are 

fragmented, separated by tens to thousands of kilometers, but also ephemeral owing to their 

geological instability. Some catastrophic events such as magmatic eruption have been exceptionally 

observed, mainly in the most active parts of the ridge system, leading to the collapse of entire faunal 

populations (Fornari et al., 2012). Such events have also been inferred from the regular observations 

of extinct vent sites with indications of dead or dying vent communities.  

Therefore, it has been supposed that vent species would develop life cycles with particular life-

history adaptations to the insular, ephemeral and dynamic nature of vent ecosystems, such as 

asynchronous reproduction, high dispersal, and high fecundities. However, this prediction was quickly 

refuted by the large variety of reproduction patterns, developmental modes and dispersal strategies 

observed in vent species suggesting that a single vent life cycle model cannot be raised for all species 

(Tyler and Young, 1999).  

Among the main steps that vent organisms, like many marine organisms, undergo along a 

series of changes to give birth to a new generation of the same species: the reproduction, the dispersal 

phase and the settlement and recruitment back to a vent fields are probably the most critical ones (Fig 

24.). In addition, the acquisition of symbionts, trough maternal inheritance (vertical mode) or 

environmental encounter (horizontal mode) is also crucial for chemosymbiotic species, as these 

relationships are obligatory for their survival (cf. part 1.4.) (Fig 24.).  

 

 

Fig 24. Critical steps in the lifecycle of a hydrothermal vent species. Methou (2019) 

 



 

  

 71 

 

P.1. THE HYDROTHERMAL VENT ECOSYSTEMS 

P.1.5.1 Reproductive patterns in hydrothermal vent species 

P.1.5.1.1 Gametogenesis and sexual determination 

In general, reproductive processes appear to be rather conserved phylogenetically with no 

specific adaptation to deep-sea hydrothermal vents (Young, 2003). Consequently, gametogenesis 

generally follows the patterns described in related species from shallow waters (Laming et al., 2018; 

Ramirez-Llodra et al., 2000). Gamete production can occur freely in the coelomic cavity, as it is the case 

in many polychaetes (Tyler and Young, 1999). In siboglinids tubeworms, gametogenesis is located 

within the trunk, starting at its anterior end, closely associated and surrounded by the trophosome 

tissue (Hilario et al., 2005). In other vent species – including some polychaetes like B. seepensis (Jollivet 

et al., 2000) – this process takes place in specialized tissues: the gonads, also called ovaries for females. 

In vent mussels, the gonad proliferates from the mantle and is not present all the time during their 

adult life as for their shallow water counterparts. Nutrient reserves are stored in the mantle during 

some periods of the year, whereas the mantle is the site for gamete production at other times, at the 

expense of the reserve storage (Gabbott and Peek, 1991). In crustaceans, the gonads are present 

during all the adult life and are located dorsally within the abdomen for peracarids – isopods and 

amphipods – or within the cephalothorax for decapods – caridean shrimps, anomurans and brachyuran 

crabs. The female gametogenesis – also called oogenesis – comprises three major steps with a 

proliferative phase of oogonia production followed by a differentiation phase of oogonia (diploidic 

cells) into previtellogenic oocyte (haploid cells), which then undergo vitellogenesis. This last step 

corresponds to the yolk formation by synthesis and storage of energetic reserves within the oocytes 

that significantly grow in size. Once mature, oocytes are not stored in ovaries but transferred to the 

pleopods before their fertilization.  

Many vent species are strictly gonochoric with separated sexes such as most polychaetes, 

gastropods and nearly all crustaceans (Tyler and Young, 1999). However some exceptions exist such as 

hermaphroditism in the snail Chrysomallon squamiferum whereas every other peltospirid species, 

even a closely related one like Gigantopelta chessoia, have been recognized as gonochoristic (Chen et 

al., 2017). In bathymodiolin mussels, protandry appears to be the norm in small sized species – Idas 

and Adipicola – while both gonochorism and simultaneous hermaphrodism have been identified in the 

larger Bathymodiolus mussels (Gaudron et al., 2012; Laming et al., 2018; Tyler et al., 2009). Therefore, 

sex determination in vent mussels appears to be related to the body size of the species rather than to 

the phylogeny of the group, as Bathymodiolus and Idas genus are paraphyletic (Thubaut et al., 2013). 

More recently, rare protogynous specimens in the predominantly gonochoric species Bathymodiolus 

septemdierum were reported reflecting the complexity of sex determination in these species (Rossi 

and Tunnicliffe, 2017). Although no occurrence of hermaphroditic crustaceans has been reported at 

hydrothermal vents yet, the example of pandalid shrimps from other deep sea ecosystems underlines 

that complex sex determination could also arise within this group (Chiba, 2007).  

P.1.5.1.2 Fertilization, spawning or brooding and fecundity 

In vent mussels and clams, fertilization occurs externally after the spawning of gametes from 

both males and females within the populations. Even if these spawning events have never been 

observed in the field, they have been induced experimentally – by injection of serotonin in the mantle 

tissue – in few vent mussel species such as Bathymodiolus childressi, Idas simpsoni and Idas 

modiolaeformis (Arellano and Young, 2009; Laming et al., 2018). However, these artificial spawning 
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failed to accurately estimate their fecundity  since induction with serotonin can be unreliable and often 

induce spawning of immature oocytes (Arellano and Young, 2009). Information is then often limited 

to egg size or maximum oocyte size, which are generally rather small, like in shallow water mussels, 

between 50 µm and 80 µm (Arellano and Young, 2009; Berg, 1985; Colaço et al., 2006; Laming et al., 

2018; Le Pennec and Beninger, 2000; Tyler et al., 2009). On the contrary, egg size of vesicomyid clams, 

the other group of bivalve commonly found at vents, is much larger with estimated size between 160 

µm and 660 µm (Beninger and Le Pennec, 1997; Berg, 1985; Endow and Ohta, 1990; Fiala-Medioni and 

Pennec, 1989; Le Pennec and Beninger, 2000). Based on the small size of their eggs, high fecundity has 

been inferred in vent mussels (Tyler and Young, 1999). However, direct measurement of egg number 

are limited to few Idas species ranging between approximately 400 eggs in I. simpsoni and I. 

modiolaeformis to 3000 eggs – based on one individual – in I. argenteus (Dean, 1993; Laming et al., 

2018).  

In tubeworms, spawning of Riftia pachyptila has been observed in December at the 9°50 EPR 

vent field during an hour (Van Dover, 1994). This spawning was intermittent and involved only few 

individuals out of a colony of hundreds of tubeworms (Van Dover, 1994). However, R. pachyptila 

spawns fertilized eggs and not gametes like mussels do. Indeed fertilization has been confirmed to 

occur internally in females of R. pachyptila as well as in other siboglinid species including Ridgeia 

piscesae, Tevnia jerichonana, Seepiophila jonesi and Lamellibrachia luymesi (Hilario et al., 2005). In all 

these species, sperm storage was observed at the posterior end of the oviducts and only fertilized eggs 

were collected in the spawn around colonies of R. pachyptila and L. luymesi. Yet, most of these eggs 

were uncleaved suggesting that the first division is only completed after the egg release in those 

species. The embryonic period is then entirely included during the dispersal phase (Hilario et al., 2005).  

In crustaceans, fertilization occurs through copulation. Although this copulatory behavior 

remains to be observed within vent habitats, observations of non-motile aflagellate spermatozoa in 

some alvinocaridid specimens are indicative of the transfer of a spermatophore through copulation, 

as in shallow-water species (Ramirez-Llodra and Segonzac, 2006). Copulation behavior was observed 

in Gandalfus yunohana crabs maintained in aquarium, subsequently after molting (Miyake et al., 

2007). Moreover, mate guarding before molting was also seen in these same individuals (Miyake et al., 

2007). Females lay their eggs and keep their brood during embryonic development under the abdomen 

in decapods, attached to the tail in an ovisac for copepods or enclosed in the marsupium pouch in 

peracarids. Because of this brooding behavior, direct measures of termed fecundity are easier to 

obtain and are reported for more crustacean species comparatively to other hydrothermal vent 

groups. 

Although gametogenesis appears phylogenetically conserved (cf. part 1.5.1.1), important 

variations in terms of allocated resources during the vitellogenesis can be observed between species, 

which affects in consequence their fecundity. For instance, hydrothermal vent amphipods exhibit 

higher brood and egg sizes than typical deep-sea species (Johnson et al., 2001; Sheader et al., 2000, 

2004; Sheader and Van Dover, 2007). This might be related to the higher food availability at vents and 

could serve as a strategy to increase the number of offsprings to that will colonize new vents (Sheader 

and Van Dover, 2007). Widely variable strategies are observed in vent species, even in the sole range 

of crustaceans, with a high fecundity and small egg size in Bythograea crabs, whereas Munidopsis squat 

lobsters spawn few very large eggs (Dittel et al., 2008; Van Dover et al., 1985). This trade-off between 

fecundity and egg size was also reported among alvinocaridid species, the ones with the lowest 
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fecundity – like Alvinocaris stactophila, Mirocaris fortunata – presenting also larger eggs than  species 

with higher fecundity like Alvinocaris muricola (Copley and Young, 2006; Ramirez-Llodra et al., 2000; 

Ramirez-Llodra and Segonzac, 2006). Important reproductive investment was also reported for Kiwa 

tyleri with few large yolky eggs relatively to their size (Marsh et al., 2015). In every alvinocaridid 

shrimps and kiwaid crabs studied to date, a positive relationship between fecundity – estimated by the 

egg number per brood – and female size – estimated by carapace length (CL), the standard measure 

for crustacean – was observed with a higher fecundity for the biggest females (Copley and Young, 2006; 

Marsh et al., 2015; Nye et al., 2013; Ramirez-Llodra et al., 2000; Ramirez-Llodra and Segonzac, 2006). 

Information about brooding length is lacking in almost every vent crustaceans but could be as 

variable as that of shallow water relatives. Incubation experiments with eggs of Shinkaicaris leurokolos 

and Alvinocaris longirostris revealed an important influence of temperature on brooding duration 

ranging from a maximum of 250 days at 5°C to less than a month above 15°C (Watanabe et al., 2016). 

In Kiwa tyleri, evidence of necrosis and important deposition of hydrothermal particles on carapace of 

brooding females supported a considerably extended brooding period (Marsh et al., 2015), putatively 

above 18 months according to values reported in other crab species (Reid et al., 2007).   

P.1.5.1.3 Seasonality and spatial patterns of reproduction 

 Timing of the reproductive activity in shallow-water ecosystems is generally constrained by the 

seasonal variability of the photosynthetic primary production in response to temperature or daylight 

length variations. In the absence of these environmental cues, deep-sea species were once considered 

isolated from the driving processes influencing reproductive seasonality. Accordingly, observations of 

asynchronous oocyte development between individuals of the same population and/or between 

individuals from different sampling periods have suggested continuous or semi-continuous 

reproduction in many vent species such as in the polychaetes  Alvinella pompejana (Faure et al., 2007), 

Paralvinella palmiformis (Copley et al., 2003), Riftia pachyptila (Hilario et al., 2005) and many 

gastropods (Matabos and Thiebaut, 2010; Tyler et al., 2008).  

However, a seasonal pattern was observed in the gametogenesis of some species. In  

Bathymodiolus azoricus from the Lucky Strike vent field, gametes develop in the mantle inform July 

until a spawning event in next January (Dixon et al., 2006). This pattern correlates well with the surface 

photosynthetic production, B. azoricus spawning period preceding the peak of primary production in 

the euphotic zone (Dixon et al., 2006). Similarly, reproductive seasonality was found in Bathymodiolus 

childressi from cold seeps in the Gulf of Mexico with the initiation of gametogenesis from December 

to March, and a spawning period from October to February (Tyler et al., 2007). In crustaceans as well, 

evidences of reproductive seasonality were observed. Bythograea thermydron crabs from the 9°50 EPR 

vent sites exhibited a peak in egg hatching in April/May, and ovarian development also appeared to 

be synchronized, suggesting seasonal spawninglinked to variations in the supply of photosynthetic 

material from the euphotic zone (Perovich et al., 2003). In contrast, a lack of synchrony was found for 

the gametogenesis of the bythograean crabs B. laubieri and B. vrijenhoeki, two species co-occurring in 

Pacific Antarctic Ridge (PAR) vent sites (Hilário et al., 2009). This lack of synchrony might result from 

the lack of environmental cues owing to their geographical locations under oligotrophic surface waters, 

unlike B. thermydron. Variable strategies were reported also in alvinocaridid shrimps from cold seeps 

with a continuous egg production for Alvinocaris muricola and a seasonal brooding period between 

late November and March for Alvinocaris stactophila (Copley and Young, 2006; Ramirez-Llodra and 

Segonzac, 2006). Intriguingly, presence of ovigerous females in winter samples but not in summer ones 
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would suggest a seasonal brooding period for Rimicaris hybisae as well, despite the absence of 

synchrony in their gamete production (Nye et al., 2013). Therefore, absence of seasonal sampling in A. 

muricola should preclude any inference on the seasonality of the brooding period of this species.  

Spatial reproductive patterns with a migration of brooding females towards the vent periphery 

were also reported in many crustacean species, especially anomuran crabs such as Kiwa Tyleri (Fig 25.) 

or bythograeid crabs such as Bythograea thermydron (Marsh et al., 2015; Perovich et al., 2003) but 

also in Ventiella sulfuris amphipods (Sheader and Van Dover, 2007). Similar brooding migration were 

proposed to occur in Bythograea laubieri and B. vrijenhoeki when no ovigerous females could be 

collected despite evidences of continuous reproduction (Hilário et al., 2009). Current hypothesis 

suggests that females actively seek to avoid hypoxic and damaging conditions of active vent emissions 

to protect their embryos especially for species with extended brooding periods. This was supported by 

observations of Alvinocaris stactophila brooding females gathering towards  the inner part of cold 

seeps mussel beds, which is less hypoxic and sulfidic than the outer part  (Copley and Young, 2006). 

However, the opposite zonation was found in Rimicaris hybisae where brooding females were absent 

from the periphery and abundant within the dense aggregates directly in contact with the active vent 

fluid emissions (Nye et al., 2013).  

 

Fig 25. Spatial distribution of Kiwa tyleri crabs population. Adapted from Marsh et al. (2015) 

P.1.5.2 Larval phase and dispersal in hydrothermal vent species 

P.1.5.2.1 Larval biology: anatomy, nutrition and behavior 

Subsequently after spawning – or hatching in brooding species – eggs (in spawning species) or 

larvae (in brooding species) are released in the water column, with the exception of larval brooding 

species like peracarids (amphipods, cumaceans, isopods, tanaidaceans and mysidaceans). The theory 

of Haeckel (Haeckel, 1866) suggesting that “Ontogeny recapitulates evolution” has been dismissed 
long ago. Nonetheless, embryonic morphologies – and by extension larval ones – are strongly shaped 

by their phylogenetic position rather than selective pressures during the earlier periods of 



 

  

 75 

 

P.1. THE HYDROTHERMAL VENT ECOSYSTEMS 

development. However, this is only because they resemble other taxa at that stage – and not because 

they correspond to ancestral adults as stated by Haeckel (Kalinka and Tomancak, 2012). Similar 

morphologies can thus be observed within species of the same phyla with a trochophore larva 

developing into metatrochophore in annelids, or a typical trochophore morphology rapidly followed 

by a veliger larva – with a forming shell – in molluscs (Fig 26.), (Mills et al., 2009). At a higher 

taxonomical level, this veliger larva usually develops into a protodissoconch larva in bivalves and a 

protoconch larva in gastropods (Fig 26.), (Mills et al., 2009).  

 

Fig 26. Example of larval forms observed in hydrothermal vents species. (Methou, 2019). Inspired by 
specimens reported by Miyake et al. (2010), Nakajima et al. (2010), Thatje et al. (2015), Laming et al. 
(2018) and Mills et al. (2009).  

In crustacean a wide diversity of larval forms have been found between the different groups 

(Fig 26.). In general, nauplius larvae are considered as the most universal and ancestral form in 

crustacean (Anger, 2006). It is characterized by an ovoid shape, three cephalic natatory appendages 

and a single eye. This larva corresponds to the hatching form in many taxa such as cirripeds (barnacles), 

copepods or in the phylogenetically basal decapods (dendrobranchiate shrimps) (Anger, 2006). Other 

decapods like caridean shrimps also pass through this nauplius phase but encapsulated in the egg 

membrane during the brooding and hatch as zoeal larvae. General morphology of the zoeal larva is 

closer to adult morphologies, with paired compound eyes and thoracic appendages for swimming 

instead of cephalic ones that are involved in perception and processing of food at that stage. Pleopods 

– abdominal appendages – are in general not developed until the next larval stage (Anger, 2001). Later 

larval stages are often referred as post larvae in crustaceans but this term is considered misleading in 

the view of some authors (Anger, 2001). Indeed, “post larva” implies a non-larval nature but is 
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currently used in the literature for both early juveniles and late larval stages. To prevent more 

confusion, megalopa (in crabs) or decapodid (other crustaceans) already used in other studies should 

be preferred for designation of late crustacean larval stages (Anger, 2001). 

Since many adult stages of hydrothermal vent species exhibit no (like vent tubeworms) or very 

low (like clams, mussels or gastropods) motility capacities, larval stages are recognized as the major 

dispersal form in the lifecycle of most vent organisms. This may be questionable in species like shrimps 

with high swimming capacities at juvenile and adult stages that could enable them to travel between 

close-by vent fields. However, no evidence of dispersal at these stages has been found so far. Larval 

transport and survival between vent sites are therefore key factors influencing the dispersal potential 

of a species in these particular marine ecosystems (Pineda et al., 2007). Potentially, larval transport 

could also be facilitate for some species by the mean of migrant species, not endemic to hydrothermal 

vents, with a wider distribution to all the deep sea floor for instance, but that would make regular 

incursions in these ecosystems. This transport, attached to the body of another species, is called 

zoochory and have been hypothethized for the alvinellid P. palmiformis that have been observed on 

the legs of the non-vent endemic crabs Macroregonia macrochira at the Juan de Fuca Ridge (Tunnicliffe 

and Jensen, 1987). 

Although they should be corroborated by other approaches, morphological observations of 

both external and internal anatomy can provide essential information on larval life such as their 

potential feeding or natatory capacity at a given stage. Rearing experiment of Riftia pachyptila 

embryos revealed for example that ciliated bands of trocophore larva, enabling low but active 

swimming, only appears after 34 days of development, at which point mouth is still not developed for 

feeding (Marsh et al., 2001). Therefore, Riftia larvae are, for a long period, unable to feed or to swim 

in the water column, their moves being dictated only by their buoyancy and the hydrodynamics of 

water currents.  In the same way, inferences about larval duration and dispersal potential can also be 

derived from morphological observations. For instance, hatching larvae of Kiwa tyleri exhibit 

developed pleopods, suggesting an abbreviated planktonic larval phase and low dispersal with a 

hatched larva morphology close to a recruited stage (Thatje et al., 2015b).   

However, real estimations of the planktonic larval duration (PLD), defined as the period 

between eggs/larvae spawning/hatching in the water column and the arrival of larvae at the 

settlement location, are scarce despite being of prime importance to understand larval transport 

potential. This is partially explained by the difficulty to rear deep-sea larvae that often require pressure 

equipments to develop normally in experimental conditions (Marsh et al., 2001; Pradillon et al., 2001). 

Still, some species from relatively shallow hydrothermal vents – between 100m and 450m depth – 

have successfully developed into latter larval stages at atmospheric pressures such as Lamellibrachia 

satsuma tubeworms (Miyake et al., 2006) or Gandalfus yunohana crabs (Hamasaki et al., 2010). In 

other cases, most species maintained at atmospheric pressure did not show any sign of development 

and some specimens hatched in the same conditions even exhibited abnormal morphologies (Brooke 

and Young, 2009; Miyake et al., 2007; Watanabe et al., 2016). To skirt these issues, other methods 

have been employed to provide indirect estimates of the full PLD period. In species with a seasonal 

reproduction for example, PLD have been estimated indirectly by comparing spawning/hatching and 

settlement time. In Bathymodiolus childressi, a PLD of 9 to 16 months has been infered using this 

method (Arellano and Young, 2009). When larval metabolic consumption rates and available energy 

storages can be measured, PLD can also be computed but only for non-feeding larva relying only on 
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their own energy storage. In Riftia pachyptila, larval duration (if no feeding ability develops in later 

larval stages) has been estimated to be 38 days with this method (Marsh et al., 2001).  

Commonly, larval nutrition is classified as planktotrophic or lecithotrophic, the former actively 

feeding in the water column whereas the latter is mostly relying on maternally derived yolk reserves. 

In general planktotrophic larvae are associated to a higher fecundity and lower maternal investment – 

in energetic storages – compared to lecithotrophic larvae (Strathmann, 1985). Both larval modes are 

represented in hydrothermal vents with planktotrophic larvae for bathymodiolin mussels and 

bythograeid crabs (Hamasaki et al., 2010; Laming et al., 2018; Van Dover et al., 1985) and with 

lecithotrophic larvae for vestimentiferan tubeworms and vesicomyid clams (Le Pennec and Beninger, 

2000). In most examples, these developmental modes have been inferred from egg size data (Thorson, 

1950), although the validity of such inferences is subject to debate. In Kiwa tyleri, elemental analysis 

of egg content has provided more direct evidence of lecithotrophic feeding with an exceptionally high 

C:N ratio – current record in anomuran crabs – reflecting a high lipid content in their first larval stage 

(Thatje et al., 2015b). However, more complex larval modes are possible with primary lecithotrophy in 

earlier stage before planktotrophic feeding (Hernández-Ávila et al., 2015). Additionally, facultative 

lecithotrophy could also exist in hydrothermal vent species, as observed in some freshwater crabs with 

zoeal larvae capable to develop into megalopa in the presence or not of a feeding source (Anger et al., 

2005). However, unfed megalopa that are sustained only by their maternal reserves during the larval 

phase are significantly smaller and could be inferior competitors for food and space than the fed ones 

(Anger et al., 2005).  

Due to their feeding ability, planktotrophic larvae are believed to have higher PLDs than 

lecithotrophic larvae, and thus higher dispersal capacity, but also higher mortality. However, these 

traditional views of relationships between developmental mode and dispersal potential may not 

always hold true in hydrothermal vents and more generally in the deep sea (Tyler and Young, 1999). 

Increased temperature have been recognized to have an universal impact on larval stages, increasing 

their development rate, and lowering their duration, presumably in relation to an increased 

metabolism (O’Connor et al., 2007). Hydrothermal vent organisms are no exception as seen for 

Shinkaia leurokolos or Alvinocaris longirostris shrimps (Watanabe et al., 2016), or the crab Gandalfus 

yunohana (Hamasaki et al., 2010). Thus, larval dispersion in cold waters of the deep ocean could 

significantly extend PLDs even for lecitotrophic larvae, which could also be a more advantageous 

strategy in poor-nutrient waters. Moreover, arrest in development in cold waters were seen in 

Alvinella pompejana embryos which could constitute a mechanism to delay their development until 

warmer waters are encountered and significantly affect PLD and dispersal potential of this species  

(Pradillon et al., 2001). 

Despite being poor swimmers in front of many oceanic currents – horizontal position –, many 

larvae can still alter their vertical position actively through vertical swimming behavior or passively 

with differential buoyancy between stages (Adams et al., 2012). This active mediation of transport by 

the larvae themselves has a broad impact on their dispersal potential since it affects the water mass 

into which they will be carried (cf. part 1.5.2.2). Nonetheless, very limited information is available on 

swimming behavior of vent species. Fast swimming was reported for megalopa larvae of Bythograea 

thermydron with an average swimming speed of 4 cm.s-1, which is similar to tidal currents speed and 

twice as great as the speed of near bottom tidal currents (Epifanio et al., 1999; Kim and Mullineaux, 

1998). With increased metabolic rate at higher temperature, this swimming speed could increase up 
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to 10 cm.s-1 at 25°C (Epifanio et al., 1999). Interesting swimming behavior was also observed in early 

larva of Shinkailepas myojinensis with a constant migration upwards – and a gravitationally sinking 

when obstacles are encountered – at a speed of 16 mm.min-1 at 5°C (and 44.2 mm.min-1 at 25°C) 

suggesting they could reach the photic zone in 4 to 10 days (Yahagi et al., 2017c). In vent polychaetes, 

both downwards and upwards swimming behavior were observed with in general a faster swimming 

speed downwards (0.6 and 0.8 mm.s-1 in average for each species respectively) compared to upwards 

swimming (between 0.2 and 0.6 mm.s-1 in average for each species respectively) (Beaulieu et al., 2014).  

P.1.5.2.2 Where are the larva? 

Based on currently available data, different models of dispersal trajectories have been 

hypothesized for hydrothermal vent larvae.  Larval transport could occur near the seafloor following 

bottom currents, or several hundreds of meters above seafloor in the water column in ridge-controlled 

currents, or far above the vent fields, up to the photic zone, in stronger oceanic currents (Fig 27).  

 

Fig 27. Model of larva trajectories. Adapted from Adams et al. (2012). 

Unfortunately, finding larvae directly in the pelagic environment to confirm these hypotheses 

has turned out to be an extremely challenging task, even with great sampling efforts. Recent 

development of new sampling tools such as high volume plankton pumps, sediment traps, or high 

throughput sampling system mounted on AUV (Autonomous underwater vehicles) are encouraging for 

the future but still come with their own limitations (Beaulieu et al., 2009; Billings et al., 2017; 

Hernández-Ávila et al., 2015) (Fig 28). Larvae with escape behavior can avoid sediment traps which 

catch more easily larvae with downward or “sinking” trajectories – in general those that come back to 

settle in the vent field – whereas larval pumps are in general still limited by the volume screened. Thus, 
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sediment traps and larval pump do not catch the same species and so have some level of selectivity 

(Beaulieu et al., 2009; Kersten et al., 2017). Coupling complementary sampling strategies is therefore 

suited to have a more accurate representation of the larval pool. 

This challenge is further increased when it comes to species identification of each individual 

from a mixed larval pool, especially for larva from closely related species that can have extremely 

similar morphologies. Molecular techniques such as barcoding are very useful tools but require a 

robust sequence database based on adult sequences (Vrijenhoek, 2009). Other nondestructive 

techniques such as the use of FISH probes are a good compromise for accurate identification while 

preserving morphology of the specimen (Pradillon et al., 2007). However, this technique is only suited 

for targeting specific larvae. 

 

Fig 28. Examples of sampling devices for deep-sea larval collection. A. SALSA (Serial Autonomous Larval 
Sampler) larval pump developed by the Ifremer to collected larvae. Conception: F. Pradillon and L. 
Bignon © Ifremer B. SyPRID (Sentry Precision Robotic Impeller Driven) larval sampler mounted on the 
AUV Sentry of the WHOI. © WHOI C. Sediment trap deployed on a mooring in the water column above 
vent fields. © Monterrey Bay Aquarium Research Insitute (MBARI). 

For now, few larval specimens have been collected in situ. Sampling above the EPR vent fields, 

revealed a clear decrease in the abundance of several gastropod larvae with increasing distances from 

the source both vertically (1, 20 and 175 meters above) and horizontally (on and off vent) (Mullineaux 

et al., 2005). This suggests that a large proportion of the newly hatched larvae could be retained at 
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their natal vent site, with low dispersion towards neighboring vent fields. Although vent plume were 

suggested to be “larval highway” for many species, overall larval abundance were much higher in near 
bottom currents than in the upper layer sof the water column (Metaxas, 2004; Mullineaux et al., 2005). 

By today, vertical migrations in the photic zone have been seen in only two species from cold seeps  –
Bathymodiolus childressi mussels and Thalassonerita naticoidea gastropods – (Arellano et al., 2014), 

and remain to be confirmed for other vent species. Moreover, marked changes in larval supply and 

colonist species before and after a volcanic eruption that erased local populations and therefore local 

sources of larvae on the EPR, suggest long range dispersal for some larvae originating from distant sites 

(Mullineaux et al., 2010).  

A)   B)     z 

Fig 29. Physiological tolerance of vent larvae exemplified by the Yahagi et al. (2017) study A. 

Comparative growth of fed larvae of Shinkailepas myojinensis at six temperature conditions. Each data 
point represents mean for surviving larvae B. Comparative survival analysis of larvae of Shinkailepas 

myojinensis. Solid lines: survival of fed larvae at six temperature conditions; dotted lines: survival of 
starved larvae. 

Physiological tolerance of the larvae – especially thermal tolerance – can also be particularly 

informative on their vertical migration potential. As for many organisms, Yahagi and his colleagues 

(Yahagi et al., 2017c) reported a shorter survival after hatching with increased temperature for starved 

larva of Shinkailepas myojinensis limpets. However, fed larvae survived and grew best at 25°C and 20°C, 

which corresponds approximately to the sea surface temperature of their geographic area (Fig 29). 

More surprisingly, larvae of S. myojinensis could not ultimately tolerate temperatures of the adult 

surrounding environment – lower than 15°C – excluding their retention in the vent field and supporting 

further a vertical migration in the upper layer in accordance with their swimming behavior (Yahagi et 

al., 2017c). On the contrary, many larvae of other vent species like Riftia pachyptila, Alvinella 

pompejana or vent barnacles could not tolerate temperature above 20°C making their presence in the 

near surface water layers unlikely (Brooke and Young, 2009; Pradillon et al., 2001; Watanabe et al., 

2006). In the same way, high temperatures surrounding Riftia adult tubes would also inhibit early 
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embryonic development of their larva suggesting that they must not be retained in the vent 

environment but disperse in the cold deep sea waters (Brooke and Young, 2009). Other techniques, 

less experimentally constraining, such as the use of oxygen isotopes and trace elements (Mn, Ba) 

composition in calcareous tissues of newly recruited individual can provide another clue for such 

vertical migration (T. Yahagi, 15th DSBS, talk presentation). 

P.1.5.2.3 Studying connectivity: inferences from biophysical models & populations gene flow 

 Faced with logistical difficulties to measure larval dispersal directly, it is often inferred with 

two techniques: biophysical models, which inform on the dispersal potential of a species, and genetic 

connectivity between different vent populations, which integrate both their dispersal ability and their 

ability to recruit successfully in the vent field (Cowen and Sponaugle, 2009). Therefore, absence of 

connectivity could result either from a limited dispersal, from a saturation of the reached vent – 

resulting from intra or interspecific competition for space between individuals – or from unsuitable 

conditions for larval settlement like in areas of declining activity where some adults still survive but 

where conditions are not attractive anymore to larvae.  

Biophysical models are based on lagrangian particles tracking methods simulating larval 

release and trajectories within the hydrodynamic flow field simulated from oceanic circulation models 

that incorporate surface forcing to predict flow fields through the entire water column. In most 

published studies, passive particles are used to represent theoretical larvae (Hilario et al., 2015). To 

better constrain the model parameters, many data derived from biological traits, such as number of 

particles released – i.e. the fecundity –, the particles release depth (spawning location), their vertical 

position (swimming behavior and physiological tolerance) and the particles tracking time (planktonic 

larval duration : PLD) are generally required, highlighting the importance of background knowledge on 

reproductive and larval biology (Hilario et al., 2015; Metaxas and Saunders, 2009). In general, longer 

PLD are associated with larger dispersal distance potential both in hydrothermal vents and other 

marine ecosystems – but some exceptions exist (Mitarai et al., 2016; Young et al., 2012). Considering 

larval position, many models have shown that larval transport through near bottom circulation is 

relatively slow and strongly influenced by topographic features of the ridge (Adams et al., 2012; 

McGillicuddy Jr. et al., 2010; Thomson et al., 2003, 2009). On the other hand, larvae able to reach 

higher position in the water column are transported by faster currents increasing the potential 

dispersal distance traveled by the larva for a given PLD (Mitarai et al., 2016; Young et al., 2012). 

Considerations on larval physiology and seawater temperature at each depth remain needed as 

counteracting effects can be observed with a shorter PLD due to higher temperature at lower depth 

(Mitarai et al., 2016).  

Studying molecular gene flow between vent site populations can help to highlight potential 

dispersal barriers for a particular species. For example, the genetic divergence between Lepetodrilus 

sp. populations of the Juan de Fuca ridge and of the Gorda Ridge suggests that fractures in the axial 

valley such as the Blanco transform fault could inhibit exchange of larvae between the two locations 

(Johnson et al., 2006a). In general, large distances hamper exchanges of migrants such as between 

Chrysomallon squamiferum populations of the SWIR that diverge genetically from the two others 

populations of the CIR (Chen et al., 2015a). Comparison between species from the same geographical 

areas enable to confirm and support the existence of different dispersal strategies such as for Ifremeria 

nautilei gastropods which were genetically subdivided between North Fiji/Lau and Manus basins 

populations, whereas populations of the shrimp Rimicaris variabilis in the same area did not exhibit 
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genetic structure with the same genetic markers (Thaler et al., 2011, 2014). Similarly, in the East Pacific, 

Alvinella pompejana populations were genetically separated between the North and South segments 

of the EPR when Branchipolynoe symmytilda populations from the Galapagos vents diverged from the 

ones found all along the EPR (Hurtado et al., 2004). On the other hand populations of Riftia pachyptila 

and Bathymodiolus thermophilus from the EPR and the Galapagos were relatively homogenous until 

vent sites above the Eastern Microplate (Hurtado et al., 2004; Won et al., 2003). In many cases, no 

genetic structuration could be observed on the entire geographic distribution of these species 

(Beedessee et al., 2013; Roterman et al., 2016; Teixeira et al., 2013; Yahagi et al., 2015, 2017c).  

Nonetheless, both methods have their limitations (Breusing et al., 2016; Cowen and 

Sponaugle, 2009). Chosen genetic markers in molecular studies might not sufficiently resolve 

contemporary dispersal between vent field populations and therefore fail to detect direct connectivity, 

especially if intermediate vent site habitats have not been integrated. Conversely, these genetic 

markers could also fail to detect current absence of connectivity because populations once connected 

still maintain a relatively homogeneous genetic structure while they do not exchange larvae anymore. 

On the other hand, biophysical model simulations can easily lead to inaccurate assumption due to 

under parametrization, especially in the “bio” components of the model, which are poorly constrained 
usually (Hilario et al., 2015; Metaxas and Saunders, 2009). Combination of both types of approaches is 

then recommended to provide accurate hypothesis on larval dispersal. Incongruences between 

connectivity inferred from the genetic structure of bathymodiolin mussel populations from the MAR, 

and dispersal trajectories that failed to connect some populations as predicted from a biophysical 

model in the northern section of the ridge were reconciled by suggesting the existence of “phantom” 
stepping-stones vent fields (Breusing et al., 2016). However, improvement of hydrodynamic models, 

using higher spatial resolution of the flow fields in the deep-sea including sub-mesoscale turbulences 

as well as tidal effects, significantly enhanced predicted dispersal distances of mussel larvae in the 

northern part of the MAR (Vic et al., 2018). Without denying the existence of undiscovered vent fields 

acting as stepping stone, model refinements both the their physical/hydrodynamics and biological 

components, as well as the use of new genetic markers at genome scale may ultimately led to converge 

towards realistic estimates of larval dispersal in the deep-sea.  

P.1.5.3 Settlement cues and recruitment into hydrothermal populations 

If larvae survive sufficiently long enough during the dispersal phase, they will ultimately 

become competent for settlement and will need to encounter suitable places to colonize, whether it 

corresponds to their natal or a new vent site. While some species may simply settle after they reach a 

certain stage, larvae of other species are supposedly guided by environmental cues back to 

hydrothermal vent fields (Adams et al., 2012).  

Many studies from other ecosystems have suggested an influence of substrate type through 

characteristics like surface energy and vibrations perceived by mechanoreceptor cells in several marine 

species (reviewed in Rittschof et al., 1998). Influence of substrate remains however elusive in 

hydrothermal vents. Pilot experiments of substrate colonization on the MAR revealed little effect of 

the substrate type on macrofaunal or meiofaunal settlement between organic (wood) and inorganic 

(plate) substrate (Cuvelier et al., 2014). On the other hand, following experiments focused on some 

specific taxa – copepods and nematodes – acknowledged a wider weight of substrate type on their 

colonization than previously addressed (Plum et al., 2017; Zeppilli et al., 2015). Moreover, a study 

conducted at another vent field on the MAR reported stronger effect of the different types of organic 
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substrate on macrofaunal colonization (Gaudron et al., 2010). According to the authors, this could be 

attributed to substrate 3D structures, some providing more niches for the colonists in term of space, 

or to the production of nutrients fueling food webs in the form of sulfide produced by bacterial 

degradation of the wood in long-term deployment (Gaudron et al., 2010). In any of these studies, 

influence of temperature or vent fluid chemistry was stronger than the substrate effect (Cuvelier et 

al., 2014; Gaudron et al., 2010; Plum et al., 2017; Zeppilli et al., 2015). However, in all these 

experiments, colonization comes both from recruited larvae and from immigration of adults and 

juveniles of surrounding populations. It is therefore difficult to separate the two processes to assess 

exactly which part correspond truly to the recruited individuals.  

Detection of chemical cues from the vent fluid by the larvae, such as sulfide has rarely been 

tested experimentally for these ecosystems (Renninger et al., 1995; Rittschof et al., 1998; Zbinden et 

al., 2017). Among the few studies, colonization experiments with alginate gels impregnated or not with 

sulfide and deployed in vent sites from the Juan de Fuca Ridge are headed in this direction for some 

species of polychaetes with a colonization on gels impregnated with sulfide but not on control gels 

(Rittschof et al., 1998). These chemical signals from the fluids can be completed by a cocktail of other 

chemical cues from conspecifics, predators or any other species that could have a strong impact on 

larva post-settlement success. For instance, Bathymodiolus childressi mussel beds provide habitat for 

Thalassonerita naticoidea gastropods and the two species are commonly associated together. Y-maze 

experiments revealed that T. naticoidea adults were always choosing preferentially maze arms with 

Bathymodiolus childressi chemical exudates over maze arms with controlled seawater conditions or 

chemical exudates of shallow water mussels (Dattagupta et al., 2007). This detection capability has 

been hypothesized for their larval stage as well but remains to be tested (Dattagupta et al., 2007). 

Similar mechanisms could also occur in tubeworms from the EPR as suggested by observed 

successional patterns where Tevnia jerichonana colonization on vent substrate always precede 

installation of Riftia pachyptila, which ultimately outcompete Tevnia tubeworms (Mullineaux et al., 

2000). For some authors, this succession would result from differential tolerances and nutritional 

requirements of the two species, to progressive changes in fluid as the vent ages (Shank et al., 1998a). 

However, other experiments give more support to the existence of chemical signals produced by 

Tevnia jerichonana required for Riftia pachyptila larval settlement (Mullineaux et al., 2000).  

In other ecosystems like shallow water coral reefs, such settlement cues from biotic 

interactions have been recognized of prime importance for habitat choice of fish and crustaceans 

larvae (Dixson et al., 2014; Lecchini et al., 2010; Lecchini and Nakamura, 2013). Settling fish larvae are 

even capable of olfactory discrimination among reefs, preferring the water-borne odors of their natal 

reefs compared to neighboring reef habitats (Gerlach et al., 2007). Moreover, investigations of 

chemical anthropogenic disturbances have revealed a strong deleterious effect of various pollutant on 

larval recruitment of fish and crustaceans larvae (Lecchini et al., 2017). Understanding the mechanisms 

of such settlement cues is therefore essential in the context of deep-sea mining, since larvae in the 

water column are likely to be the first impacted if the extractions are held in the peripheral inactive 

sites (Van Dover, 2014; Van Dover et al., 2017).  

Additionally and given the importance of symbiotic interactions in hydrothermal vents, 

presence of microbial partners could be a major condition as well for settlement and growth of 

chemosymbiotic species into juveniles (discussed in part 1.5.4). In other marine ecosystems, biofilm 

have been highlighted as major cues for larval settlement of several species such as coral, barnacles, 
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polychaetes, echinoderms, bivalves or crabs (Hadfield, 2011; Huang and Hadfield, 2003; Ritson-

Williams et al., 2016; Watson et al., 2016). For example, the presence of bacteria from the 

Pseudalteromonas genus within the biofilm is required for larvae of the polychaete Hydroides elegans 

to settle (Huang and Hadfield, 2003). On the other hand, presence of several protozoan ciliates in the 

microbial biofilm inhibits completely the settlement of Galeolaria caespitosa polychaete larva (Watson 

et al., 2016). 

In some cases, absence of satisfying environmental cues for settlement can lead to a delay of 

metamorphosis – also referred as retention of the larval state, which is not to be confounded with the 

retention of larval individuals next to the hatching site during the dispersal phase (cf. part 1.5.2.2) – 

until appropriate conditions would be encountered by the larvae (Bishop et al., 2006) (Fig 30.). 

Depending on species, this retention of competency for settlement will either be absolute, lasting until 

larval death or be modulate by a decreased discrimination for the chosen habitat as a function of time 

(Bishop et al., 2006) (Fig 30.).   

Once settlement site is selected, larvae undergo their metamorphosis into juveniles, a critical 

life-cycle step characterized by more or less drastic morphological changes, sometimes nutritional as 

well (see 1.5.4) and a high mortality rate. This transitional process between the pelagic environment 

and a benthic life in the vent represents a key period in the ontogeny of an organism and participates 

greatly in the recruitment, namely the addition of new individuals within the population. Ecological 

models focused on hydrothermal vents have indeed highlighted that variations in recruitment have 

greater incidence on population growth than adult survival or even fecundity (Kelly and Metaxas, 

2010). 

 

Fig 30. Theoretical framework of environmental cues influencing habitat choice and metamorphosis 
delay of larva in hydrothermal vent ecosystem. Adapted from Bishop et al. 2006.   
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Many species in hydrothermal vents are distributed in more or less dense assemblages of adult 

individuals, yet it is not clear whether this results from a gregarious settlement of larvae attracted by 

similar environmental cues, or if it derives from post settlement dynamics in the population (Laming 

et al., 2018). Variations in population demographics of any species are therefore a function of 

variations in specific factors including the larva supply - i.e., the number of competent larva reaching 

the vent site –, the probability of successful settlement for the new recruits and the mortality rates of 

each successive life stages (Kelly and Metaxas, 2008; Menge, 1991). For that reason, many studies have 

explored recruitment processes through size-frequency distribution within populations of different 

species, the size being used as a proxy for the age of each individuals. 

In most cases studied to date in hydrothermal vents, modal decomposition of animal size 

frequency distribution revealed several cohorts with distinct peaks visible in the distribution (Fig 31.). 

Therefore  a discontinuous recruitment has been suggested in approximately every hydrothermal vent 

genus including vent tubeworms (Thiébaut et al., 2002), alvinellid polychaetes (Faure et al., 2007; 

McHugh, 1989; Zal et al., 1995), bathymodiolin mussels (Comtet and Desbruyères, 1998) and several 

gastropods (Kelly and Metaxas, 2008; Matabos and Thiebaut, 2010; Sadosky et al., 2002). In some 

species like Bathymodiolus azoricus, the presence of these multiple size cohorts suggest a periodicity 

in the recruitment with punctual events of massive recruitment that could possibly be linked with the 

periodicity in their reproduction discussed above (cf. part 1.5.1) (Comtet and Desbruyères, 1998; Tyler 

et al., 2007). 

 

Fig 31. Characteristic population structures reflecting A. Continuous recruitment (Lepetodrilus 

fucensis) and B. Discontinuous recruitment (Depressigyra globulus). From Kelly and Metaxas (2008). 

  Nonetheless, rare examples of unimodal distribution or absence of distinct peaks at defined 

interval in the distribution have suggested that continuous recruitment are also observed in some 

species like Lepetodrilus fucensis or Paralvinella pandorae (Kelly and Metaxas, 2008; McHugh, 1989) 

(Fig 31.). This highlights that distinct recruitment strategies can exist between species settling on the 

same surface location like Lepetodrilus fucensis and Depressigyra globulus (Kelly and Metaxas, 2008) 

or between species of the same genus – even those co-occurring in the same vent site – such as in 

Paralvinella (McHugh, 1989; Zal et al., 1995).  
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However, limitations of size-frequency distribution studies can arise from variation in growth 

between individuals due to the variability of venting conditions for adults or variability in size at 

settlement between individuals – outcome itself of variable larval life (Mullineaux et al., 1998). This 

can result in broad size ranges for similarly aged individuals, which may thus obscure history of 

settlement and recruitment within the population (Mullineaux et al., 1998). Other methods for age 

assessment such as repeated image records, skeletal or shell staining are therefore recommended to 

be used in parallel to give stronger support to such results (Lutz et al., 1994; Nedoncelle et al., 2013; 

Urcuyo et al., 2007). Proper age assessment in some metazoan groups is however challenging, 

especially in crustaceans in reason of their molting cycle and their high motility, and the validity of the 

methods used today still remains debated (Becker et al., 2018). In such cases, other means of life stage 

identifications should be used instead to limit bias in population analyses.  

P.1.5.4 General mechanisms of symbiont acquisition 

For vent holobionts, the continuity of the association between host and symbionts through 

their life-cycle, including the acquisition of symbiotic partners, is a key prossess for the survival of the 

following generation and completion of the life cycle. Depending on species, two main modes of 

transmission are possible: vertical transmission and horizontal transmission (Bright and Bulgheresi, 

2010). In vertical transmission, symbionts are acquired by the offsprings directly from their parents, in 

general from the mother, and the symbiotic association is maintained during the entire life cycle of the 

host species. In horizontal transmission however, offsprings experience an aposymbiotic phase during 

their early life and symbionts are acquired from the environment at some point(s) (one or several) of 

their life cycle. In this last case, symbiotic life is considered facultative, from the symbiont point of 

view, which is supposed to thrive as well in the environment as within the host (Bright and Bulgheresi, 

2010). However, microorganisms are also able to remain in dormancy for very long periods, up to 

several millions years (Imachi et al., 2019; Jones and Lennon, 2010). In such way, horizontally 

transmitted symbionts could then survive but not develop until the meet with their host. This could 

explain why no chemosynthetic symbiont from hydrothermal vents have been cultivated singly despite 

numerous tentatives over the past in different laboratory (Sievert and Vetriani, 2012).  

In hydrothermal vents and other chemosynthetic ecosystems, vesicomyid clams are the only 

recognized case so far of vertically transmitted symbionts from the mother to the offsprings (Fig 32.). 

First described in Phreagena soyoae (Endow and Ohta, 1990), the presence of symbionts in ovarian 

tissues has been found since in many other vesicomyid species from different genera including 

Phreagena okutanii, Calyptogena magnifica, Abyssogena phaseoliformis and Isoropoddon bigoti (Cary 

and Giovannoni, 1993; Ikuta et al., 2016; Szafranski et al., 2014). However, the localization of symbionts 

associated with spawned eggs has only been observed recently in Phreagena okutanii with a small 

population of 400 symbiotic cells on average, that was only found on the outer surface of the plasma 

membrane at the vegetal pole of the eggs (Ikuta et al., 2016). 

This transmission mode is in line with the strongly reduced symbiont genomes of the family 

(Kuwahara et al., 2007; Newton et al., 2007). Reduced symbiont genomes could result from a combined 

effect of lower selective pressures to maintain genes essential for an extracellular lifestyle, and a 

severe genetic drift by bottleneck effect during transmission with small symbiont populations 

transmitted to eggs at each generation. Moreover, vertical inheritance of symbionts is supported as 

well by congruent branching patterns between the vesicomyid hosts and their symbiont phylogenies 

(Peek et al., 1998). Whereas a true co-speciation was observed in more than six vesicomyid species, 
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incongruent topologies were also reported in some lineages with occasional host switching events 

between host species (Ozawa et al., 2017). This host switching could be promoted by a physical 

proximity, as suggested for the geographically close but phylogenetically distinct, Cristineconcha regab 

and Laubiericoncha juni vesicomyids. When the two vesicomyid hosts co-occur within the same clam 

beds, each of the two clam species possesses a small population of the symbiont from the other 

respective species, along with its own symbiont (Decker et al., 2013). With an external symbiont 

location on egg membrane, an alternative horizontal transmission could then be possible as well in this 

group, by egg-to-egg contact (Fig 32.). Update: However, a very recent study showed that the 

explanation of this switch was completely different (Breusing et al., 2019). Indeed, a more detailed 

molecular analysis – not only limited to the COI – of two clams from the Gulf of California, Phreagena 

soyoae and Archivesica gigas, revealed the existence of hybrid specimens between the two host 

species with individual possessing the COI mitochondrial gene from a different genetic origin than 

nuclear genes. More interestingly, the symbiont specific of P. soyoae were only present in hybrids 

possessing mitochondrial genes of A. gigas but the nuclear genes of P. soyae (Breusing et al., 2019). 

This revealed an unidirectional hybridization, suggesting therefore a role of the symbionts in a hybrid 

incompatibility, and thus in the reinforcement of the speciation processes, as suggested by others 

(Brucker and Bordenstein, 2012). 

 

Fig 32. Hypothetical life cycle in vesicomyid clams showingsymbiont transmission pathways. Methou 
(2019). Inspired from the research of Decker et al. (2013), Wentrup (2014), Ikuta et al. (2016) and 
Ozawa et al. (2017). 
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Moreover, even if vertically transmitted symbionts are exclusively of maternal inheritance in 

vesicomyids, alternative pathways should also be considered for other species in which symbiont 

transmission mode remains undescribed. Indeed, examples of paternally inherited or biparental 

transmission have been retrieved in other ecosystems for some insect and sponge species with 

symbionts housed in male sperm cells (Moran and Dunbar, 2006; Usher et al., 2005). 

Similarly, in social insects like termites, ants or bees, intriguing mode of vertical transmission 

have been reported. In these species, infections by different microorganisms can occur during social 

interactions between young and adults through coprophagic behavior, stomodeal trophollaxis with 

regurgitation of gut microbiome or proctodeal trophollaxis with contact anus-mouth exchanges of gut 

fluids between adults and post larvae (Salem et al., 2015). In termites, this behavior is reproduced at 

each molt cycle to allow the recovery of the microbiome that has been lost with the exuvia, favoring 

close contacts between individuals and the social structure of those species (Duarte et al., 2017; 

Nalepa, 2015). In those cases, symbionts are indeed transmitted from parents but hosts are 

aposymbiotic for a part of their life cycle like in horizontal transmission. 

 

Fig 33. Hypothetical model of symbiont transmission through the lifecycle of siboglinid tubeworms. 
Methou (2019). Inspired from the research of Marsh et al. (2001), Nussbaumer et al. (2006) and Polzin 
et al. (2019).  

Nevertheless, in every other hydrothermal vent organisms currently documented, the mode 

of symbiont transmission is horizontal. Among them, transmission in Riftia pachyptila tubeworms is 

probably the best understood case at present (Fig 33.). As in many species from other ecosystems, 

symbiont acquisition in R. pachyptila occurs upon settlement in a specific and restricted period of 
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“competency” after which acquisition of new symbionts is no longer possible (Nussbaumer et al., 

2006). New partners of Riftia tubeworms do not enter the host through the mouth and the digestive 

system but through the skin to colonize the trophosome organ in formation. This colonization extends 

until the late juvenile stage after which the acquisition of bacteria ceases and a massive apoptosis of 

the colonized cells from the epidermis ensues, restricting thus the symbiont population location strictly 

within the trophosome (Nussbaumer et al., 2006). Although hypothesized as monoclonal for a long 

time (Gardebrecht et al., 2012; Robidart et al., 2008), high coverage metagenomics of symbionts of R. 

pachyptila as well Ridgeia piscesae tubeworms have recently revealed the existence of several genetic 

variants in their symbiont populations with a clear dominance of a single variant strain (Perez and 

Juniper, 2018; Polzin et al., 2019).  

The dominant Endoriftia strain was variable between adult tubeworms even between 

individuals of the same clump, but the exact parameters that could have led to this differential 

selection of a specific symbiotic strain are still unknown. Among the potential valid hypotheses, 

variable environmental conditions upon settlement of each tubeworm individual or genetic 

interactions between a specific Endoriftia strain and a host genotype are currently considered (Polzin 

et al., 2019). In any case, the variant diversity found within all the tubeworms investigated – 16 

individual tubeworms in total – was still much lower than the one observed in the free-living Endoriftia 

metagenomes (Polzin et al., 2019). 

 

Fig 34. Hypothetical model of symbiont transmission through the lifecycle of bathymodiolin mussels 
Methou (2019). Inspired from the research of Wentrup (2014).   

 “Competency” for the acquisition of new symbionts in hydrothermal vent species is 
nonetheless not always restricted for every species to a short period of their life cycle. In 
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Bathymodiolus for example, gills containing symbionts are growing during the whole individual life 

span and colonization by symbionts is a continuous process in the new tissues after their 

differentiation throughout the host life (Wentrup et al., 2014) (Fig 34.). Still, it remains unclear if the 

new symbionts are transferred in the newly formed gill tissues from the surrounding environment, by 

self-infection from older gill tissues that have already been colonized or by both pathways (Wentrup 

et al., 2014). However, first acquisition and colonization of symbionts in a young juvenile host is 

radically different from further potential acquisition in adults by being not restricted to the gill host 

organ. Indeed, colonization of symbionts in juveniles of Bathymodiolus azoricus or Bathymodiolus 

puteoserpentis, have been detected in epithelial cells of the foot, the refractor mantle or the mantle  

but not in every organs either, and start to be limited to gills tissues when they become larger 

(Wentrup et al., 2013). Nevertheless, since no aposymbiotic juvenile individuals have ever been 

collected in any bathymodiolin specimens so far – unlike for Riftia tubeworms –, the exact timing for 

the onset of symbiont acquisition is still unresolved for any species of this family (Laming et al., 2018). 

In any case, whether symbiont acquisition is limited to a specific life stage window or occurs 

all along the host lifetime, both Bathymodiolus mussels and siboglinid tubeworms rely on the existence 

of an environmental pool of their symbionts that must be encountered at some point of their life cycle. 

This acquisition can be facilitated in Bathymodiolus by adult conspecifics that have the ability to release 

some of their bacterial partners and, in this way, replenish the environmental pool (Kádár et al., 2005; 

Salerno et al., 2005). Similarly in Riftia tubeworms, evidences brought by pressurized incubation 

experiments have shown that symbiont released by dead worms from the adult population retain their 

ability to colonize new surfaces – artificial glass coverslip in the experiment – and thus potentially 

newly recruited tubeworm larvae (Klose et al., 2015). Considering the tubeworm densities found in the 

vent fields as well as the symbiont densities within the trophosome, these authors have estimated a 

number of released symbionts from a few million up to 1.5 billion upon the death of a single tubeworm 

clump (Klose et al., 2015). 

 Apart from these three families, symbiont acquisition in other vent species is extremely poorly 

understood. Nonetheless, recent evidences on the peltospirid gastropod Gigantopelta chessoia have 

revealed an absence of symbionts in the oesophageal gland (the symbiont-housing organ), of small 

juveniles in comparison to adult specimens (Chen et al., 2018). Moreover, and despite the absence of 

any change in their external morphology, the symbiont acquisition is accompanied by drastic changes 

in the internal anatomy of the host with a progressive increase of the oesophageal gland volume and 

a decrease of the rest of the digestive system along their growth towards adult stage size (Chen et al., 

2018). These observations suggest therefore the existence of a trophic shift from unclear nutrition 

mode, potentially grazing, in juveniles to a symbiotic based nutrition in adults. This is also supported 

by stable isotopic analyses, which exhibit a length-based trend in δ13C and δ15N for G. chessoia at each 

vent site, although the smaller sized individuals were lacking compared to the previous study (Chen et 

al., 2018; Reid et al., 2016). On the other hand, symbionts were found in all the early life stages 

available for Chrysomallon squamiferum, another symbiont housing peltospirid snail and no drastic 

anatomical changes were observed along its ontogeny (Chen et al. 2017). Indeed, the eosophageal 

gland appears to increase isometrically all along the size growth of this species. These differences in 

symbiotic acquisition and proliferation patterns suggest that the oesophageal gland in Gigantopelta 

and Chrysomallon may represent parallel adaptive evolution (Chen et al., 2017, 2018). For vent species 

hosting epibiotic symbiotic communities, understanding of the symbiotic partner transmission mode 

between host generations is also very limited. Whereas many studies have suggested a horizontal 
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transmission mode based on the presence of sequences closely related to symbiotic lineages in the 

surrounding environment (Petersen et al., 2010; Szafranski et al., 2015a; Thurber et al., 2011), the 

degree of specificity of those epibiotic communities compared to the environmental ones and the 

related selection mechanisms and/or environmental factors are far from being understood. In Kiwa 

puravida crabs, a presence of bacterial communities have been observed in all known life stages with 

a colonization on egg surfaces as well as on many body parts of juveniles and adults (Goffredi et al., 

2014). Change in bacterial dominance – from a Gammaproteobacteria dominated assemblage in eggs 

to Epsilonbacteraeota in juveniles/adults – as well as a higher bacterial diversity in earlier life stages – 

i.e. eggs and juveniles – compared to adults suggest a variation in these selection mechanisms along 

the ontogeny of those animals (Goffredi et al., 2014). Additionally, maternal transmission of epibionts 

during egg brooding is still possible and has been suggested for the freshwater cave amphipod 

Niphargus ictus living in symbiosis with filamentous Gammaproteobacteria affiliated to the Thiotrix 

clade (Dattagupta et al., 2009). These chemoautotrophic epibionts were specific to the amphipod and 

distinct from the free-living relative in their surrounding environment. Additionally, when kept in 

aquarium for more than 3 months, these amphipods were still maintaining a large coverage of 

epibionts, despite a regular molting. Given the particular reproductive characteristic of those animals 

(cf. part 1.5.1), the transmission between host generations could occur from the mother to juveniles 

when brooded in her pouch (Dattagupta et al., 2009). 

In summary, traditionally divided in two symbiont transmission modes, vertical or horizontal, 

this simplification hides the complexity of the symbiont acquisition processes usually mixing both 

pathways. These transmission modes can be affected indeed by many biological contraints and 

processes. For example, species hybridization can provoke host switch in vertically transmitted 

symbionts. Social transmission between congenerics, between adults or with larvae/juveniles, may 

imply trophallaxy or symbiont release in the surrounding environemnt without being really 

aposymbiotic. Molt cycle in arthropods imply a renewal of the ectosymbiotic communities at each molt 

during adult stage, and so regular symbiont acquisition, being then limited not only to offspring. With 

only three detailed examples of tranmission models in chemosynthetic species – vesicomyid clams, 

siboglinid tubeworms and bathymodiolin mussels –, it appears quite clearly that generalizations cannot 

be establish, with for each, a particular case that differs sometime drastically from the others. 
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P.2 Rimicaris species as model organisms to study lifecycles 

in hydrothermal vents  
 

P.2.1 Geographic distribution and current phylogenetic state 

Alvinocarididae are a monophyletic family of caridean shrimps, endemic to chemosynthetic 

ecosystems and comprising currently nine genera and 35 species distributed worldwide (Fig 35. to 38.). 

Yet, new species are still found oftenly with three new alvinocaridids that have been described since 

the beginning of this work in 2016 – including Alvinocaris kexueae (Wang and Sha, 2017), A. 

costaricensis (Martin et al., 2018) and Rimicaris falkorae (Komai and Giguère, 2019). Additionally, some 

remain to be described (Stevens et al., 2008; Yahagi et al., 2015) (updated 20/12/19: described as 

Alvinocaris marimonte (Hiraoka et al., 2019)) and potentially several more are to be discovered.  

 

Fig 35. Geographic distribution of Mirocaridininae (Mirocaris + Nautilocaris) and Alvinocaridinae 

(Alvinocaris) subfamilies as in 2019. Adapted from Lunina and Vereshchaka (2014). 

The Rimicaris genus is the second largest within this family with 10 described species 

distributed in four different biogeographical areas (Fig 36.): the Western Pacific basins for Rimicaris 

variabilis, R. parva, R. vandoverae and R. falkorae; the Eastern Pacific with R. paulexa; the Indian Ocean 

with R. kairei, and the Atlantic Ocean/Caribbean Sea for R. susannae, R. chacei, R. exoculata and R. 

hybisae (Komai and Giguère, 2019; Lunina and Vereshchaka, 2014). Among them, Rimicaris exoculata 

(Williams and Rona, 1986) is currently the more widely distributed species with the widest known 
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distribution, populations being observed  from the Rainbow vent field at 36°N – and potentially up to 

the Moytirra vent field at 45°N – to the Deyin vent field at 15°S along the MAR (Dong et al., 2019; 

Lunina and Vereshchaka, 2014; Wheeler et al., 2013). R. exoculata shrimps are co-occurring with two 

other alvinocaridid species, Rimicaris susannae and Mirocaris fortunata, in at least some of the 

southern MAR vent fields (Komai et al., 2007), and with three species in the northern MAR vent fields: 

Rimicaris chacei, Mirocaris fortunata and Alvinocaris markensis. These species however appear to live 

in different ecological niches (Segonzac et al., 1993).  

 

Fig 36. Geographic distribution of Rimicaridinae subfamily as in 2019. Adapted from Lunina and 
Vereshchaka (2014). 

The current Rimicaris genus was previously divided in two, based on morphological 

characteristic of the cephalothorax: the Rimicaris genus comprising species with a strongly inflated 

cephalothorax – Rimicaris exoculata and Rimicaris kairei – and the Chorocaris genus with a straight 

cephalothorax comprising the others (Komai and Segonzac, 2008). However, the discovery of Rimicaris 

hybisae in the Mid Cayman Rise (Nye et al., 2012), morphologically similar to a “big head” Rimicaris 

but genetically closer to a Chorocaris – “Chorocaris” chacei – has led to the reclassification of the genus 

which includes now both Rimicaris and the previously known Chorocaris, as well as one Opaepele 

species, Opaepele susannae (Komai and Tsuchida, 2015; Vereshchaka et al., 2015). All belong to one 

of the three alvinocaridid subfamilies: the Rimicaridinae, forming a monophyletic group with four 

other genera – Alvinocaridinides, Manuscaris, Opaepele and Shinkaicaris – each comprising one or two 

species at most, many of which having a phylogenetic position still debated within the group 

(Vereshchaka et al., 2015) (Fig 37.).  
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Recently, it has been hypothesized that alvinocaridids began to colonize hydrothermal vent 

ecosystems about 35 million years ago (Mya), in the early Oligocene, rather than during the late 

Cretaceous, 59 to 70 Mya, as previously assumed (Sun et al., 2018; Yang et al., 2013). This colonization 

would have started from the Western Pacific area, before reaching other geographical regions, the 

Indian Ocean acting as a transition for the colonization of the MAR (Sun et al., 2018). However, caution 

should be exercised with respect to the conclusions of this study, above the inherent bias of molecular 

clock methods. In addition to some inaccuracies such as the affiliation of some species to the incorrect 

location – i.e. Rimicaris paulexa in the Western Pacific instead of the Eastern Pacific – the used dataset 

was clearly biased in favor of the Western Pacific region with 10 species out of 13, making the origin 

of the group from another region very unlikely, even randomly.  

 

Fig 37.Bayesianphylogenetic tree based on COI sequences of all alvinocaridid species for which genetic 
data have been acquired. Currently, genetic confirmations are still missing for 10 species within the 
family. This includes Alvinocaris alexander, Alvinocaris brevitelsonis, Alvinocaris niwa, Alvinocaris 

williamsi, Alvinocaridinides semidentatus, Rimicaris paulexa, Rimicaris susannae, Manuscaris liui, 
Manuscaris acuminatus and Keldyshicaris vavilovi. Methou (2019). 
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Fig 38. Overview of the alvinocaridid shrimp diversity in hydrothermal vents and other chemosynthetic 
ecosystems. A. Rimicaris exoculata aggregates with some scattered Rimicaris chacei individuals at the 
Moose Edifice from the Snake Pit vent fields. BICOSE2018-Nautile © Ifremer. B. Rimicaris exoculata 
specimen from the MAR. © M. Zbinden. C. Rimicaris chacei individuals at the TAG vent fields. 
BICOSE2018-Nautile © Ifremer. D. Alvinocaris costaricensis specimen from cold seeps off Costa Rica. 
(Martin et al., 2018) E. Alvinocaris markensis specimen from the MAR. BICOSE2018-Nautile © Ifremer. 
F. Mirocaris fortunata specimen from the MAR. © J. Machon. G. Alvinocaris kexueae specimen from 
the Manus Basin. (Wang and Sha, 2017). H. Rimicaris hybisae specimen from the Cayman Rise. © L. 
Marsh. 
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Moreover, given the current geographical range and the phylogenetic position of the subgroup 

Opaepele loihi – Rimicaris hybisae – Rimicaris chacei (Fig 36. and 37.), a colonization of the MAR from 

the Eastern Pacific through the Caribbean Sea by the Panama isthmus before its closing rather than 

through the Indian Ocean, should still be considered as an alternative hypothesis for some species 

(Shank et al., 1999). Therefore, the use of additional alvinocaridid shrimps from other regions than the 

Western Pacific, especially the more phylogenetically basal ones like Mirocaris indica, could have 

drawn some slightly different conclusions than those proposed by (Sun et al., 2018). 

 

P.2.2 Trophic ecology & symbiotic interactions in Rimicaris shrimps 

P.2.2.1 One shrimp host, two different communities of symbiotic partners 

In many vent fields, Rimicaris shrimps such as R. exoculata, R. kairei or R. hybisae constitute 

one of the dominant species living mostly in very dense aggregates close to the active vent emissions 

(Nye et al., 2013; Segonzac et al., 1993; Van Dover, 2001). These three alvinocaridids stand out from 

the others by several morphological differences that could explain their apparent evolutionary success. 

Indeed these three shrimps present a strongly inflated cephalothorax, that significantly increases the 

volume of their cephalothoracic cavity (Komai and Segonzac, 2008; Nye et al., 2012; Watabe and 

Hashimoto, 2002). Moreover, two particular mouthparts internalized within this cavity, the 

scaphognathite and the exopodite, are significantly enlarged and largely covered by abundant plumose 

setae that further increase the surface of these appendages (Komai and Segonzac, 2008; Nye et al., 

2012; Watabe and Hashimoto, 2002).  

These morphological modifications offer colonization space to very dense communities of 

filamentous bacteria that were observed attached to the mouthparts and the branchiostegites – i.e. 

the membranes covering the inner parts of the cephalothoracic cavity – of these animals (Casanova et 

al., 1993; Nye et al., 2012; Van Dover et al., 1988; Zbinden et al., 2004) (Fig 39.). These bacteria were 

found in association with mineral depositions (sulfur and iron oxides) that accumulate to form a crust 

embedding the bacteria at the end of the molt cycle (Corbari et al., 2008a). 

Whereas few studies have focused on the bacterial communities of R. kairei and R. hybisae 

(Assié, 2016), many others have investigated the composition and the metabolic capacities of bacterial 

communities hosted by R. exoculata (Guri et al., 2012; Hügler et al., 2011; Jan et al., 2014; Petersen et 

al., 2010; Polz and Cavanaugh, 1995; Zbinden et al., 2008). These are mainly dominated by thick and 

thin filamentous Epsilonbacteraeota – affiliated to Sulfurovum free-living bacteria – with thin 

filamentous thiotrophic Gammaproteobacteria – affiliated to Thiotrix free-living bacteria – in a lower 

proportion (Petersen et al., 2010; Polz and Cavanaugh, 1995; Zbinden et al., 2008). Other bacterial 

partners were also found in those communities including Zetaproteobacteria, Deltaproteobacteria and 

methanotrophic Gammaproteobacteria in lower relative abundance (Guri et al., 2012; Hügler et al., 

2011; Jan et al., 2014; Zbinden et al., 2008). Bacteria from the Alphaproteobacteria and the 

Bacteroidetes group were also regularly detected through sequencing approaches, but their presence 

in R. exoculata symbiotic communities was never visually confirmed with FISH observations (Guri et 

al., 2012; Hügler et al., 2011; Jan et al., 2014; Petersen et al., 2010; Zbinden et al., 2008). 
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Fig 39. Diffe rent views of the cephalothoracic cavity of Rimicaris exoculata. Images taken from either 
Zbinden et al. (2004), Zbinden et al. (2008), Petersen et al. (2010) or Guri et al. (2012). A. The R. 

exoculata gill chamber with carapace removed, showing the mouthparts (Sc and Ex) to which the 
shrimp epibionts are attached. Sc: scaphognathite; Ex: exopodite; Gi: gill. Scale bar = 5 mm. B. 
Scaphognathite dissected out of the shrimp. Scale bar = 5 mm. C. Closer view of the scaphognathite 
setae. The filamentous epibiotic bacteria can be seen as a white fuzzy material. D. Scanning Electron 
Microscopy (SEM) observations of bacterial mats and mineral deposits on setae of the scaphognathite 
of a shrimp from Rainbow. Scale bar = 10 µm E. SEM observations of bacterial mats and mineral 
deposits on setae of the scaphognathite of a shrimp from Rainbow. Scale bar = 10 µm F. FISH 
observations of scaphognathite setae (longitudinal view) with epibionts of a shrimp from Logatchev 
hybridized with specific probe targeting Epsilonbacteraeota (green) and Gammaproteobacteria (red) 
symbionts. Scale bar = 10 µm. G. Transmission Electron Microscopy (TEM) observations of bacterial 
mats and mineral deposits on setae of the scaphognathite of a shrimp from Rainbow. Scale bar = 5 µm 
H. FISH observations of scaphognathite setae (tranversal view) with epibionts of a shrimp from 
Logatchev with specific probe targeting Epsilonbacteraeota (green) and Gammaproteobacteria (red) 
symbionts Scale bar = 10 µm. 
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Metabolic capabilities of three of these bacteria were also revealed using metagenomic 

analyses. These approaches showed potential for oxidation of sulfur, iron and hydrogen as energy 

source coupled with autotrophic carbon fixed through the CBB cycle – for the Gammaproteobacteria 

and Zetaproteobacteria – or the rTCA cycle – for the Epsilonbacteraeota (Jan et al., 2014) (Fig 40.).  

 

Fig 40. Metabolic pathways of Epsilonbacteraeota, Gammaproteobacteria and Zetaproteobacteria 

symbionts of R. exoculata according to their partial metagenomes. Adapted from Jan et al. (2014) 

These symbionts provide most of their host nutrition, particularly the dominant 

Epsilonbacteraeota, as suggested by isotopic composition of R. exoculata shrimp muscles that are in 

agreement with a diet mostly derived from a rTCA-fixed carbon source (Colaço et al., 2002; Gebruk et 

al., 2000; Polz et al., 1998; Van Dover et al., 1988). In addition, analysis of R. exoculata digestive system 

revealed a strongly reduced gut and stomach compared to other co-occurring species and a gut 

content mostly composed of mineral particles, thus suggesting a minor role of these digestive organs 

for the shrimp nutrition (Segonzac et al., 1993). Moreover, this nutritional role of epibionts was 

confirmed with in vivo experiments using radiolabeled carbon tracers (Ponsard et al., 2013). First, 

symbionts of the cephalothorax were confirmed to be chemosynthetically active, able to incorporate 

inorganic carbon – as well as small organic molecules like acetate – with different electron donors 

including thiosulfate and reduced iron. Additionally, a transfer of the incorporated carbon by the 

symbionts to the host was also observed in shrimps incubated with the radiotracers for a duration as 

short as 1h (Ponsard et al., 2013). In this experiment also, the digestive tract was almost not labeled 

with the radiotracers, indicating that nutrients are poorly absorbed by this organ (Ponsard et al., 2013). 

These observations support more strongly the hypothesis of a direct transcuticular transfer of 



 

  

 99 

 

P.2 RIMICARIS SPECIES AS MODEL ORGANISMS TO STUDY LIFECYCLES IN HYDROTHERMAL 

VENTS 

nutriments from the symbionts to the host rather than a bacterial “farming” and further ingestion 
through the digestive system, an alternative hypothesis previously weakened by the absence of 

scraping or grazing marks in the branchial cavity (Corbari et al., 2008; Zbinden et al., 2008). 

 

Fig 41. Different hosting organs of the Rimicaris exoculata dual symbiosis. 

A second symbiotic community of resident bacteria has been observed in the digestive tract of 

R. exoculata, inserted between microvilli of the epithelial cells of the midgut,and mainly composed of 

Mollicutes and Deferribacteres but also of Epsilonproteobacteria and Gammaproteobacteria (Durand 

et al., 2010, 2015; Zbinden and Cambon-Bonavita, 2003) (Fig 41.). Similar bacterial communities are 

found as well in the stomach (Cowart et al., 2017). However, recent studies revealed a slight distinction 

with more Mollicutes in the stomach and more Deferribacteres inside the midgut (Cueff-Gauchard et 

al. in prep, Velo-Suárez et al. in prep). Yet, the exact location of each of those partners remain to be 

confirmed with FISH experiments. Furthermore, their potential role in the symbiotic relationship is still 

unknown, but metabolic capacities of these bacteria are currently under investigation (Velo-Suárez et 

al. in prep). Nonetheless, some hypotheses can be made by comparison with metabolisms found in 

free-living bacterial relatives. These include iron-reduction or sulfur-reduction metabolisms for 

Deferribacteres (Slobodnika et al., 2009; Takaki et al., 2010), suggesting a complementary role for the 

host nutrition. 

Rimicaris chacei, a species lacking the symbiont-related enlargement of the cephalothorax, 

constitutes an interesting case to study the evolution of symbiosis within the alvinocaridid family (Fig 

42.). Co-occurring with R. exoculata in many vent fields of the MAR (cf. par 2.1.1), this shrimp does not 

exhibit most of the morphological adaptations to host symbionts, including the enlarged mouthparts 

and the inflated cephalothorax (Komai and Segonzac, 2008). Nonetheless, R. chacei shrimps bear 

important plumose setae on the mouthparts, unlike all the other Rimicaris species (Komai and Giguère, 

2019; Komai and Segonzac, 2008; Komai and Tsuchida, 2015). Moreover, its phylogenetic position 

within the family is extremely close to R. hybisae, to the extent that the two species share same COI 
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haplotypes and cannot be distinguished based on genetic only – according to the genetic markers used 

so far – despite their strong morphological and ecological differences and their distinct geographical 

range (Hernández-Ávila, 2016).  

 

Fig 42. Comparative morphology of the cephalothorax between Rimicaris exoculata, Rimicaris kairei, 
Rimicaris chacei and Rimicaris hybisae. Adapted from Williams and Rona (1986) and Nye et al. (2012)  

It has been hypothesized that R. chacei would have a mixotrophic diet based on symbiosis and 

complementary feeding sources as suggested by their isotopic composition (Colaço et al., 2002; 

Gebruk et al., 2000). This is supported by observations of dissected R. chacei individuals that revealed 

a larger stomach and gut than R. exoculata, and a gut content containing a mix of organic materials 

and mineral particles which both suggest a larger implication of the digestive system in the shrimp 

nutrition (Segonzac et al., 1993). Recent work also showed that R. chacei shrimps host symbiotic 

communities with similar lineages to those found in R. exoculata, both within their cephalothoracic 

cavity and their digestive tract (Apremont et al., 2018). This has led the authors to hypothesize that R. 

chacei could maintain a mixed trophic strategy due to its niche competition with R. exoculata, in 

contrast with R. hybisae that has full access to vent fluid emissions to fuel its symbiotic bacteria, lacking 

yet any known competitor in its environment (Apremont et al., 2018). 

P.2.2.2 Dynamic of symbiotic relationship along molt stages and life stages 

One of the particularity of the Rimicaris symbiosis is that mouthparts and branchiostegites are 

recolonized several times during the adult life (Corbari et al., 2008b) (Fig 43.). As for any arthropods, 

growth is limited to the ecdysis period after molting that renew the entire cuticle of the animal. 

Bacterial communities and mineral deposits present on the cuticle are therefore discarded at each 

molt cycle. New cuticle is recolonized probably from selected free living bacteria or from 

ingestion/contact with the old cuticle (Corbari et al., 2008b). This colonization also appears to be 

heavily controlled, since bacteria do not proliferate on the gills neither on the branchiostegites parts 

that faces those gills both for R. exoculata and for R. chacei (Apremont et al., 2018; Zbinden et al., 

2004). However, this molting process does not concern the gut community since the midgut is not 
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covered with cuticle. Bacterial symbionts from this compartment are then kept at least during the 

entire adult life – and possibly in other life stages – and might by acquired differently (Durand et al., 

2010, 2015).  

 

Fig 43. Rimicaris exoculata cephalothoracic symbiotic community throughout the host molt cycle. 
Adapted from Corbari et al. (2008b). Inner view of the branchiostegites of shrimps from the Rainbow 
vent field at different phases of the molt cycle A. Postecdysis molt stage, white. B. Early preecdysis 
molt stage, light red. C. Late preecdysis molt stage, dark red. Observations are made by in SEM (A1, 

B1, C1) and with a stereomicroscope (A2, B2, C2) 

Since molt cycle imposes a frequent and complete renewal of the cephalothoracic bacterial 

community, symbionts of the cephalothoracic cavity are supposed to be primarily acquired 
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horizontally from the environment where some of them have been identified. Partial 16S rDNA 

sequences of Epsilonbacteraeota, Gammaproteobacteria and Zetaproteobacteria symbionts were 

indeed detected in seawater, vent chimneys and artificial colonization devices at both TAG and 

Rainbow vent fields where R. exoculata are abundant (Durand et al., 2015; Szafranski et al., 2015a). 

This is further supported by the geographic distribution of bacterial OTUs for Epsilonproteobacteria 

symbionts – and Gammaproteobacteria ones to a lower extend – which showed differentiation 

between vent sites, favoring the hypothesis of horizontal transmission (Cowart et al., 2017; Durand et 

al., 2015; Petersen et al., 2010). However, neither the Mollicutes nor the Deferribacteres Rimicaris 

symbionts have been found in the shrimp environment yet, and no clear segregation between vent 

sites has been shown, which may be in favor of a vertical transmission for those symbionts (Cowart et 

al., 2017; Durand et al., 2015). A more precise comprehension could be brought by the utilization of 

other geographic markers. Thus, the use of Lux genes for instance, has proved to resolve more clearly 

the biogeographic distribution of Gammaproteobacteria (LuxR) with a clear distinction according to 

vent site, where 16S markers gene showed little discrimination previously (Le Bloa et al., 2017).   

Along R. exoculata life cycle, bacterial communities have been observed both in juveniles and 

on egg surfaces (Cowart et al., 2017; Guri et al., 2012). Composition of juvenile bacterial communities 

were similar in all aspects to those of adults, but egg communities differed by a significantly higher 

proportion of Gammaproteobacteria suggesting a shift from a Gammaproteobacteria dominated 

community in those early life stages to a dominance of Epsilonbacteraeota in later ones (Cowart et al., 

2017; Guri et al., 2012). However, it is still unclear when the onset for this bacterial colonization along 

the embryonic development is, since the previous study did not precisely identified the developmental 

stage of the observed egg broods (Guri et al., 2012). More work is also required to conclude if this 

colonization on the eggs is opportunistic, corresponding to a simple bacterial fouling on a newly 

available surface, or if there is a specificity of the egg bacterial assemblage, suggesting a possible 

bacterial selection – but not necessarily – by the host. Uncertainties remain also concerning the larval 

phase to confirm if this life stage is aposymbiotic indeed, or if some of the symbionts could have been 

transmitted during the brooding phase. In the end, more studies will be required to assess if first 

colonization in juveniles follows the same patterns than colonization at each molt in adults, or if some 

differences can be observed with for example a bacterial proliferation in other parts of the 

cephalothoracic cavity such as gills. 

In addition, the underlying mechanisms controlling the regulation of the symbionts growth and 

proliferation as well as the bacterial selection from the microbial environmental pool are still poorly 

understood. A recent study has highlighted the potential role of a C-type lectin, a recognized microbe-

pattern recognition receptor in other species (Boutet et al., 2011; Chaston and Goodrich-Blair, 2010; 

Kvennefors et al., 2008; Wippler et al., 2016), which was found highly expressed in a scaphognathite 

transcriptome of R. exoculata (Liu et al., 2019). The expression level of this particular lectin was 

correlated with the Epsilonbacteraeota and Gammaproteobacteria symbionts, but not the 

Deltaproteobacteria, with a higher expression when symbionts were more abundant (Liu et al., 2019). 

This lectin could be part of a cocktail of molecules produced by the shrimp, acting synergistically to 

shape the symbiont community and/or to prevent the colonization of the gills. In this way, 

antimicrobial peptides (AMPs) such as Crustine, could be good candidates, as high levels of Crustine 

expression were observed in several parts of the cephalothoracic cavity – but were very low in the 

digestive system –  of R. exoculata (Le Bloa et al. in prep; in Annex of this manuscript). Molecular 

conversations between the different symbiont partners could also occur to control the development 
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of each member of the microbial biofilms, such as with quorum-sensing genes, that were found to be 

expressed in Gammaproteobacteria (LuxR) and Epsilonbacteraeota (LuxS) symbionts (Le Bloa et al., 

2017).  

P.2.3 Physiological and sensorial adaptations of Rimicaris shrimps 

Besides their symbiotic relationship with chemosynthetic bacteria, which enable them to feed 

in these ecosystems, Rimicaris shrimps exhibit many other adaptations to the hydrothermal vent 

particular environmental conditions.  

By living close to the active vent emissions, R. exoculata shrimps are directly exposed to the 

hot vent fluids and they face both high concentrations of potentially toxic compounds and highly 

variable temperatures in very short temporal – of the order of seconds – and spatial – of the order of 

cm – scales. These animals are typically described as living in the hottest part of the thermal gradient 

with reported living temperature from 10°C up to 40°C according to some authors (Gebruk et al., 1993, 

2000; Van Dover et al., 1988). However, these early records were not carried out directly around the 

shrimp aggregates and a more accurate view of the shrimp environment has been brought by other 

studies, reporting associated in situ temperature measurements between 4.6°C and 16°C in average 

within the shrimp aggregates (Desbruyères et al., 2001; Geret et al., 2002; Schmidt et al., 2008; 

Segonzac et al., 1993; Zbinden et al., 2004).  

 

Fig 44. Variability of the thermal environment of Rimicaris exoculata shrimps at TAG and Rainbow. 
Adapted from Schmidt et al. (2008). 
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Given the dynamic gradient bathing them, Rimicaris shrimps are regularly exposed to variable 

temperatures from 2°C to 25°C according to the maximum temperatures reported by those same 

studies (Geret et al., 2002; Schmidt et al., 2008; Zbinden et al., 2004). These temperatures can 

significantly vary between and within the same aggregate as evidenced by Schmidt and colleagues 

(Schmidt et al., 2008). They indeed reported in situ measurements at 10 different sampling points of a 

same aggregate that varied between 6.2°C and 16°C in average – maximum between 6.7°C and 18.2°C 

– at Rainbow and between 4.6°C and 10.2°C in average – maximum between 5.4°C and 17.4°C – at TAG 

(Schmidt et al., 2008) (Fig 44). 

Thermal tolerance of some alvinocaridids was studied with in vivo physiological experiments 

using pressure devices to avoid other stress bias by maintaining their environmental pressure 

conditions on board or throughout the sampling process (Cottin et al., 2010a, 2010b; Matabos et al., 

2015; Ravaux et al., 2003, 2009, 2019; Shillito et al., 2006). Earlier work revealed that R. exoculata does 

not tolerate sustained exposures (1h) to temperatures in the 33-38.5°C range and that the critical 

thermal maximum (CTmax) might be observed at lower temperature (Ravaux et al., 2003). Moreover, 

two hsp70 proteins, recognized as universal heat inducible stress proteins among metazoans (Ravaux 

et al., 2003), were identified in R. exoculata –with a synthesis threshold lower than 25°C (1h exposure) 

(Cottin et al., 2010b; Ravaux et al., 2003). Additional experiments on Mirocaris fortunata, a species 

living in a cooler part of the thermal gradient, suggested a similar thermal tolerance with a CTmax of 

approximately 36°C (Shillito et al., 2006) and the presence of heat shock proteins, although their 

expression threshold remain unknown (Ravaux et al., 2007). These heat shock proteins were highly 

expressed in R. exoculata after an exposure of 1h at 30°C, especially in comparison to coastal shrimp 

(Palaemonetes varians) – 400 fold versus 15 fold of increase respectively –  (Cottin et al., 2010b). 

However, natural populations always displayed very low level of expression of these proteins at 

Rainbow, TAG or Snake Pit (Ravaux et al., 2009, 2019). 

Recently, the thermal tolerance of R. exoculata was redefined by assessing the effect of the 

duration time of the heat shock on the molecular and the behavioral response of those shrimps 

(Ravaux et al., 2019) (Fig 45.). Indeed heat shock of 30°C conducted for 10 min and 30 min did not 

revealed any up regulation of hsp70 proteins unlike experiments carried for 60 min. Their expression 

was found to be higher compared to control expression levels only at 35°C and 39°C for a 10 min heat 

shock. Additionally, the shrimp mortality at 39°C was only of 35% for the 10 min experiments whereas 

all individuals were found dead when exposed to only 33°C for 60 min (Ravaux et al., 2003, 2019). This 

revealed that R. exoculata are able to tolerate easily high temperatures, above 35°C, but for short 

periods only, few minutes of exposure. With this redefinition of the thermal tolerance, a more 

satisfying explanation of the low expression level of heat-shock proteins in natural populations can be 

brought. As shrimps are always swimming, they probably never experience temperature above 40°C 

for more than few seconds/minutes (Fig 45. and discussion above.) 

Behavior of R. exoculata was also strongly affected by the heat treatment in the pressure 

vessels. At temperatures above 30°C, a higher proportion of actively swimming shrimps and a lower 

number of shrimps packed in aggregates were observed (Ravaux et al., 2019). This was suggested to 

be an escape response to avoid cellular damages by the thermal stress with an onset of 30°C that 

coincides with the onset of the molecular response for prolonged exposure over 10 min. Moreover, 

observations of a “maintained aggregate” behavior in the pressure vessels in absence to any 
environmental cues suggest as well that R. exoculata shrimps form active and social “self-organize” 
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swarms – by analogy with bee swarms – of individuals. This cohesion would therefore be maintained 

because of the many derived benefits – protection from predators, location of ressources more 

effectively, facilitation of mate finding and reproduction … (Ritz et al., 2011) – of the cohesion itself for 

the individual, rather than being the result  of a  collective response of individuals seeking similar 

resources and/or temperature conditions within their habitat (Ravaux et al., 2019).  

Acquisition of thermal tolerance in early life stages remains to be explored in R. exoculata. It 

might likely differ from adult thermal tolerance, as suggested for Palaemonetes elegans, a coastal 

caridean shrimp often used as a comparative model in alvinocaridid physiological studies. Adults of 

this species exhibited  a higher CTmax – about 32°C – than larvae – between 25°C and 29°C according to 

developmental stages (Ravaux et al., 2016). No hsp70 expression could be observed before the juvenile 

metamorphosis and this late acquisition of the thermal tolerance was hypothesized to be an adaptive 

response to the environmental change from the open ocean habitat where larvae experience rather 

constant temperatures, to the highly variable intertidal habitat where adults live (Ravaux et al., 2016). 

Similar patterns could therefore be expected between Rimicaris larvae and juvenile stages upon their 

recruitment in the hydrothermal vent field.  

 

Fig 45. Thermal tolerance of Rimicaris exoculata shrimps. From Ravaux et al. (2019). 

Sensorial abilities of Rimicaris shrimps, although essential in ecological studies to understand how 

these animals perceive and interact with their environment, have only been explored by few studies 

on their potential visual and olfactory capacities, some of which still remaining speculative.  
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One of the very particular characteristic of Rimicaris exoculata is its visual organ, – from which 

comes its species name: exoculata – an ocular plate that extends to the middle of the cephalothorax 

in a large bilobed organ connected by large nerve tracts to the brain (Van Dover et al., 1989). This 

organ is formed by the fusion of the eyes, separated in juveniles, and corresponds to one of the major 

morphological changes occurring during their metamorphosis into adult (Gaten et al., 1998; Komai and 

Segonzac, 2008). Although no image-forming optic structures could be observed, the implication of 

this particular organ in the vision of the shrimp is supported by the presence of rhodopsin and 

photoreceptors, potentially detecting low-level illumination (Van Dover et al., 1989). A more detailed 

study of the organization of this organ revealed photoreceptor cells with greatly hypertrophied 

rhabdom segment – a central tube to optimize the light transport to the photoreceptor cells – that 

occupies 70% to 80% of the volume of this retinal region which greatly differ from shallow water shrimp 

species (Jinks et al., 1998). In Rimicaris chacei and Mirocaris fortunata, the structural organization of 

the ocular plate was similar although the eyes of these species are not completely fused like R. 

exoculata. Eyes of Alvinocaris markensis differ strongly, being separated but also atrophied with 

degenerated and disorganized photoreceptors cells (Jinks et al., 1998). Observations of early life stages 

revealed a more typical crustacean eye organization, with the presence of cone cells in prezoea larvae 

of Mirocaris fortunata and in the oldest eye tissue part of Rimicaris juveniles,suggesting a change of 

their visual abilities along their life cycle (Gaten et al., 1998; Komai and Segonzac, 2008).  

According to the spectral sensitivity of their rhodopsin pigments, as well as their high 

concentrations, eyes of R. exoculata were hypothesized to potentially detect the black body radiation 

emitted by the hot vent fluids (Pelli and Chamberlain, 1989). Although being an interesting hypothesis, 

caution is required with this statement since it is only based on theoretical physics calculations of the 

emission and absorption wavelengths (Pelli and Chamberlain, 1989). Therefore, further behavioral 

studies on light-responses of Rimicaris shrimps, which have failed to trigger any response so far (Jinks 

et al., 1998), need to be conducted to confirm this. Moreover, even if it is tempting to infer a visual 

role for this intriguing organ based on the presence of a photoreceptor pigment, it is not necessarily 

this function that rhodopsin perform in situ in this animal. As stated by the concept of “Molecular 
Tinkering” (Jacob, 1977), similar proteins can have different role in different species as it has been 

widely showed in symbiotic interactions where partner selection mechanisms arise from proteins of 

the immune system and have even been attributed to respiratory pigments (Coates and Decker, 2016; 

Kremer et al., 2014; McFall-Ngai et al., 2012).  

Chemoreception in alvinocaridid shrimps is mediated by chemosensory sensilla mainly localized 

on antennae and antennules like in other crustaceans (Zbinden et al., 2017). Some specialized sensilla, 

the aesthetascs, house olfactory receptor neurons that carry the chemical signal to the central nervous 

system. No specific adaptation regarding the size or number of aesthetascs could be observed in 

alvinocaridids in comparison to coastal shrimp species (Zbinden et al., 2017). Nonetheless, a dense 

coat of filamentous bacteria mainly affiliated to the shrimp symbiotic community was observed on the 

surfaces of those appendages (Zbinden et al., 2018). Such bacterial coat is absent from coastal shrimp 

species whose antennae and antennule surfaces were almost clear of epibionts. Bacteria on 

alvinocaridid antennae and antennules could protect them from the harsh vent chemicals but could 

also alter the chemical cues reaching the animal or isolate and filter other information (thermal 

isolation, shock absorption …) (Zbinden et al., 2018).  
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Fig 46. Neuroanatomy of A. R. exoculata compared to B. the one of coastal shrimp, Palaemonetes 

elegans with the overall organization of their brains. Simplified from (Machon et al. 2019) 

Earlier work revealed that R. exoculata shrimps were able to detect sulfide with their antennae 

(Jinks et al., 1998; Renninger et al., 1995). With the development of a new electrophysiological 

approach adapted to crustaceans, detection capacities of these organs were tested as well for 

Mirocaris fortunata (Machon et al., 2016). Both sulfide and food extracts – that could correspond to 

short distance vent fluid signals – could be detected by the shrimps, but not iron or manganese – that 

could correspond to long distance vent fluid signals (Machon et al., 2018). However, 

electroantenography (EAG) responses were obtained for both R. exoculata and M. fortunata but at 

sulfide concentrations much higher than those encountered in their natural habitat (Machon et al., 

2018; Renninger et al., 1995). Moreover, no clear specific behavioral answer could be observed at 

those sulfide concentrations for any of the two species, leaving a doubt on the ecological relevance of 

this detection ability in situ (Machon et al., 2018; Machon and Ravaux, personal communication in 

Zbinden et al., 2018). Extending these recent works on alvinocaridids olfaction to their early life stage 

would be of key importance to understand how larval stages could find their way back to the vent 
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fields after the dispersal phase and how they are able to interact with their own environment during 

these life stages. More behavioral observations on their exact visual abilities should be conducted as 

well.  

Olfactory and visual informations are integrated by their higher integrative centers – i.e. the brain 

(Machon et al., 2019). This organ presents a particular anatomy in these animals with very small visual 

and olfactory neuropils and well-developed hemiellipsoids bodies (Fig 47.). Combined with 

observations of their olfactory abilities, it seems that olfaction is probably not a dominant sensory 

ability in R. exoculata (Machon et al., 2019), unlike what has been proposed so far (Renninger et al., 

1995). On the other hand, despite their reduction, visual neuropils are maintained, unlike some other 

crustaceans living in dim-light conditions or complete darkness (Brenneis and Richter, 2010; 

Fanenbruck et al., 2004; Ramm and Scholtz, 2017; Stegner et al., 2015). The existence of a functional 

visual system in these animals may mean that there is “light” to exploit in their environment. At last, 

the large hemiellipsoids bodies have been proposed to play a role in place memory for their navigation 

strategies, as suggested previously by (Wolff et al., 2017). Although this hypothesis remains 

speculative, it is further supported by the presence of serotonergic tracts within this part of the brain 

(Machon et al., 2019), since serotonin has a function for place memory and learning in insects 

(Sitaraman et al., 2008). This would also explain the exploratory behavior of these shrimps, observed 

by many researchers during dives with ROV or HOV (including personal observations), moving around 

and touching the submersible and every instruments they encountered. Since organization of the 

visual organs dramatically changes between juveniles and adults of R. exoculata, it would be 

particularly interesting to compare the organization of the brain with the size of its different areas – in 

particular the hemiellipsoids bodies and the visual neuropils –along the ontogeny of the animal. 

 

P.2.4 The hypothesized lifecycle of Rimicaris shrimps  

P.2.4.1 Reproduction and population structure of Rimicaris shrimps 

Research efforts on Rimicaris shrimp have focused at first on the trophic behavior and on the 

physiological abilities of those animals (Van Dover et al., 1988, 1989) (cf. part 2.1.2 and 2.1.3) whereas 

less attention has been paid on the main characteristics of their lifecycle such as their reproduction 

and their larval life. This can be partially explained by the recurrent absence of collected specimens for 

those specific life stages. 

Indeed, the earlier work on reproduction of the alvinocaridids from the MAR – Rimicaris 

exoculata, Rimicaris chacei and Mirocaris fortunata – where faced with a paradox (Ramirez-Llodra et 

al., 2000). Oocyte-size-frequency analyses revealed an absence of synchronicity in the gametogenesis 

within the population of these species suggesting a continuous reproduction for all of these species 

(Copley et al., 2007; Ramirez-Llodra et al., 2000). However, brooding female individuals were absent 

or limited to one or two individuals in sample of R. exoculata and one individual in total for R. chacei 

in all the sampling periods – mostly between June and November – conducted so far at that time. 

Conversely, Mirocaris fortunata brooding females were regularly collected in large numbers, relatively 

to the total population size, in almost every sampling expeditions (Ramirez-Llodra et al., 2000). The 

polymodal population structure observed for R. exoculata, which suggests discrete recruitment events 

for this species, was also contrasting with this asynchronous reproduction for which a continuous 
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reproductive output and a continuous recruitment would be usually expected (Copley, 1998). Rather 

than a seasonal pattern, the absence of brooding females for R. exoculata and R. chacei was explained 

by their migration in the periphery of the active vent sites – a hypothesis which has proved to be valid 

for Kiwa tyleri (Marsh et al., 2015) – to protect their embryos from the harsh vent fluids (Ramirez-

Llodra et al., 2000).  

 First evidence of seasonality in alvinocaridids was brought by a study on Alvinocaris stactophila 

living in cold seeps of the Gulf of Mexico. Analyses of oocyte-size frequency distributions revealed an 

important synchrony within the population with only small previtellogenic oocytes in females collected 

in spring and only large oocytes in females collected in summer and later, the largest being found 

during the autumn (Copley and Young, 2006). Additionally, brooding females could only be collected 

between November and March, with mostly early embryos in November and many broods ready to 

hatch in March. As for many other studies on deep-sea species where seasonal patterns were 

observed, this study proposed that photosynthetic surface production falling down to the cold seep 

could explain this seasonal pattern, the larval release in early spring timing with the peak of surface 

productivity (Copley and Young, 2006). 

Table 2. Summary of the documented alvinocaridids reproductive characteristics. Adapted from Nye 
et al. (2013). 

However, it was not until later that a seasonal reproduction was suggested for an alvinocaridid 

inhabiting hydrothermal vents (Fig 47. and Table 1.). In R. hybisae, a large number of brooding females 

were collected in January and February whereas a complete absence of those females was reported in 

July and August (Watanabe personnal communication; Nye, 2013; Nye et al., 2013). Oocyte-size 

frequency distribution was asynchronous and variable between females from different samples 

although with a greater degree of synchrony than what was reported for R. exoculata (Nye et al., 2013). 

Embryonic development of Rimicaris hybisae was also clearly asynchronous between females collected 

at the same time, suggesting an asynchronous larval release with several larval pools (Nye et al., 2013).  
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Fig 48. Current knowledge on the occurrence of brooding females in hydrothermal vent alvinocaridids 

at different periods of the year. A. Rimicaris exoculata. B. Mirocaris fortunata. C. Rimicaris hybisae. D. 

Rimicaris chacei. 
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Fig 49. Local distribution of Rimicaris shrimps in different types of assemblages at the TAG and Snake 
Pit vent fields. A. Dense aggregates of R. exoculata adults from TAG. B. Dense aggregates of R. 

exoculata adults from Snake Pit. C. “Nurseries” of small alvinocaridid juveniles at TAG D. Scattered 
shrimps sparsely distributed at the periphery of the aggregates at TAG. Assemblages defined by 
Hernández-Ávila (2016). 
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In addition to these observations in R. hybisae, the brooding migration hypothesis in R. exoculata 

was also severely weaken by the presence of some brooding females within the aggregates close to 

the vent emissions in March 2007 at the Logatchev vent field (Gebruk et al., 2010; Guri et al., 2012). 

This hypothesis was definitely discarded more recently in January 2014 –BICOSE expedition – when a 

complete absence of those brooding females in shrimp samples collected from the periphery was 

reported. Indeed, large numbers of brooding females were collected at the same period within the 

dense aggregates both at TAG and Snake Pit vent fields (Hernández-Ávila, 2016) (Fig 47.). This same 

study also revealed an interesting spatial pattern between the R. exoculata collected within 

aggregations close to the vent fluids – at TAG and Snake Pit – and the R. exoculata individuals 

distributed sparsely at the periphery – only at TAG – (Fig 48.). In aggregates, sex ratio was strongly 

biased toward females, these ones representing between 61 and 97% of the sexed specimens, whereas 

the opposite was found for those at the periphery with a large dominance of males (Hernández-Ávila, 

2016). These locally biased sex ratios in R. exoculata were not as pronounced in the case R. hybisae, 

although they seemed to share a similar ecology with an organization in dense aggregates close to the 

vent emissions (cf. part 2.1.1).  

Large aggregations of small alvinocaridid juveniles were also discovered close to shimmering vent 

emissions at TAG during the BICOSE expedition (Hernández-Ávila, 2016). These juveniles were similar 

to R. exoculata earlier juvenile stages but COI barcoding of these individuals surprisingly identified 

them as R. chacei juveniles. Given the extended repartition of these nurseries harboring high densities 

of juveniles, it appeared that R. chacei is probably more abundant than expected in these MAR vent 

fields, at least for their juvenile stages, and likely constitute a more important component in these 

ecosystems than previously thought (Hernández-Ávila, 2016). 

Since earlier R. exoculata juveniles – stage A juveniles – and R. chacei juveniles were described as 

very similar, only distinguishable by few characters that required a careful examination of the 

specimens (Komai and Segonzac, 2008), it is still unclear if there is a misidentification of their juveniles 

in the current taxonomy, or if R. exoculata stage A juveniles were simply absent from these nurseries. 

Therefore, a proper taxonomic reassessment of the Rimicaris juveniles from the MAR coupled with 

individual barcoding is required to settle this issue. Once this juvenile identification will be properly 

assessed, population structure of Rimicaris chacei should be explored and compared with other 

documented alvinocaridids, as well as its reproductive characteristics, if a sufficient number of 

brooding females can be sampled. 

2.1.4.1 Larval dispersal and recruitment in Rimicaris shrimps 

 Larval stages of Rimicaris shrimps remain a true black box and are undoubtedly one of the 

major locks that prevents from a more comprehensive and global understanding of the life cycle of 

these species. 

Whereas many hydrothermal vent species have populations that reflect genetic structure and 

limited migrant exchanges  (Chen et al., 2015a; Hurtado et al., 2004; Won et al., 2003), all alvinocaridid 

species investigated so far exhibit a high connectivity and a lack of genetic structure between 

populations. For example, COI haplotype networks of R. kairei and R. variabilis exhibited no genetic 

structure between populations of Solitaire and Kairei vent fields or between populations of the Manus 

and the Fidji basin respectively (Beedessee et al., 2013; Thaler et al., 2014). Similarly, populations of 

Shinkaicaris leurokolos, Alvinocaris longirostris or Alvinocaris marimonte did not show any genetic 
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structure all along their distribution area in the Okinawa through, neither between the Okinawa and 

Sagami bay populations for A. longirostris or between the Okinawa and Izu Bonin arc populations for 

Alvinocaris marimonte (Yahagi et al., 2015). This absence of genetic structure with COI haplotypes 

could be related to the apparent low mutation rates of this gene in alvinocaridids (Shank et al., 1999; 

Teixeira et al., 2011) in comparison to other crustacean species (Knowlton and Weigt, 1998; Schubart 

et al., 1998). Therefore, studies using a single marker gene like the COI might not represent the current 

dispersal occurring between the different populations. Yet, studies using several microsatellites loci 

were still congruent with large scale gene flows between the different R. exoculata populations from 

Rainbow to 5°S MAR vent fields, and even between the species complex A. markensis/A. muricola of 

the Gulf of Mexico cold seeps, the Congo pockmarks and the hydrothermal vents of the MAR (Teixeira 

et al., 2012, 2013).   

 Because of this extensive connectivity, a very large potential for dispersal is expected in 

alvinocaridid shrimps. Unfortunately, sampling of those life stages is limited to early hatched 

individuals or few early zoeal stages collected close to the vent field for some species (Hernández-Ávila 

et al., 2015; Miyake et al., 2010). Information about their larval life has also been inferred from δ13C 

isotopes and lipids composition of their early juvenile stages. Indeed, several “typical photosynthetic” 
lipids markers – like C20:4n6 or C22:6n3 fatty acids –  were retrieved abundantly in the juveniles stages 

of several alvinocaridid species identified as R. exoculata, R. chacei, A. markensis, M. fortunata, O. loihi 

and A. marimonte (Pond et al., 1997b, 1997a, 2000; Stevens et al., 2008). These lipids and isotopic 

compositions also varied along ontogeny of those shrimps, showing “chemosynthetic” signatures in 
adults and “photosynthetic” signatures in juveniles (Pond et al., 1997b, 1997a, 2000; Stevens et al., 

2008). This has led some authors to suggest a vertical migration of alvinocaridid larvae that would 

inhabit the upper part of the water column for at least a part of their larval life (Copley et al., 1998; 

Dixon et al., 1998b). Since surface currents are stronger, enabling larval transport on larger distances, 

this hypothesis would also be congruent with the large connectivity observed in alvinocaridids. 

However, similar “photosynthetic” signatures were also found in bathypelagic shrimps and in the 

surrounding micronekton collected above the MAR axial valley at 2000 m depth (Pond et al., 1999). 

Therefore, vertical migration of alvinocaridid larvae does not necessarily extend up to the photic zone. 

Additionally, recent findings highlighted that biosynthesis of some of these typical photosynthetic lipid 

markers could also be performed by deep-sea bacteria (Fang et al., 2006). Therefore, these lipid 

markers could also be potentially produced by Rimicaris exoculata digestive symbionts – Mollicutes 

and Deferribacteres – whose metabolisms are still unknown (Durand et al., 2010) or by other 

environmental bacteria within the hydrothermal vent field. Furthermore, reared larvae of M. fortunata 

– obtained from hatched broods – were active and survived at different pressures, between 1 and 300 

atm at 10°C, but not in low pressure conditions (1 atm) at 20°C (Tyler and Dixon, 2000). This suggests 

that at least some alvinocaridid species cannot tolerate the environmental conditions of the photic 

zone. To date, sample records of early alvinocaridid juveniles outside the vent field are limited to a 

maximum of 100 km further the closest vent field, between 2000 m and 3000 m depth in the water 

column above the MAR and between 1500 m and 3000 m depth above the CIR (Herring, 2006; Herring 

and Dixon, 1998). 

Athough isotopic values of juvenile stages suggest a planktotrophic larval life in alvinocaridids, 

detailed examination of the morphology of early zoea larvae revealed a primary lecithotrophic phase. 

Indeed, pleopod appendages were absent and their mouthparts were clearly undeveloped 

(Hernández-Ávila et al., 2015). Without feeding capacity and with the presence of large lipid storages, 
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this suggests a primary lecitotrophic larval phase as well as an extended larval development in 

alvinocaridids larvae (Fig 49.). In addition, without their appendages, swimming capacities of these 

larvae are limited and their vertical migration might be postponed to latter larval stages – although a 

vertical transport through the vent plume is still possible.  

The length of this lecitotrophic phase is however unknown and should be explored with in vivo 

rearing of alvinocaridid larvae and observations of the external and internal anatomy – by coupling 

different techniques such as electron microscopy, traditional dissections and CT-scan with 3D 

tomography –  at different rearing length. Other characteristics of these larvae such as their exact lipid 

storage content – that could be obtained with elemental analysis as in K. tyleri  (Thatje et al., 2015b) – 

or their behavior – swimming speed, level of activity, survival – at different environmental conditions 

could provide valuable information to better estimate their PLD and potential larval trajectories with 

biophysical models.  

 

 

Fig 50. Morphological comparison between first zoeal larval stages of alvinocaridids and first zoeal 
stages of others hydrothermal vent crustaceans. Adapted from Nakajima et al. (2010), Thatje et al. 
(2015) and Hernández-Ávila et al. (2015). 

However, rearing these early life stages remain a challenging task as the transition to certain 

development stages could only be triggered by specific conditions – temperature as seen in alvinellids 

(Pradillon et al., 2001) or pressure for instance – that correspond to the transition experienced in their 

environment, an environment that is still unknown. Attempts to rear larvae of S. leurokolos and A. 

longirostris inhabiting relatively shallow vent fields – between 200 m and 2200 m depth – were 

conducted at atmospheric pressure with broods incubated until hatching (Watanabe et al., 2016). In 

this experiment, larvae were further maintained without feeding up to 150 days. No apparent 

morphological changes in their external anatomy were noted although modifications of their internal 

anatomy might have occurred. However, many individuals presented abnormal morphologies after 

hatching with shortened abdomen, the proportion of abnormal individuals increasing with higher 



 

  

 115 

 

P.2 RIMICARIS SPECIES AS MODEL ORGANISMS TO STUDY LIFECYCLES IN HYDROTHERMAL 

VENTS 

brooding temperature. Larval survival was also correlated to their rearing temperature with a lower 

survival at higher temperatures, which probably reflected the effect of an increased metabolism at 

higher temperatures (Watanabe et al., 2016). Additional rearing experiments following the scheme 

used for gastropods (Yahagi et al., 2017c) (cf. part 1.4.2.2. and Fig 31.), with fed and starved larva 

coupled with explorations of their internal anatomy at different time point should provide a more 

accurate view of their larval life. Similar experiments in Rimicaris from the MAR should also be 

conducted. They might however require the use of pressure tanks since those species have only been 

reported in much deeper vent fields – between 1500 m and 4000 m. Additionally, regarding the results 

of Watanabe and her colleagues (Watanabe et al., 2016) these under pressure experiments will 

probably have to be extended for periods exceeding possible durations on board during the 

expeditions. 
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Fig 51. Diagram displaying of the alvinocaridid lifecycle indicating current knowledge and gaps in their reproductive characteristics, ontogenic 
development, larval transport, settlement and recruitment, symbiont acquisition pathways and habitat characteristics per life stages. Largely inspired from 
the diagram depicting the life cycles of bathymodiolin mussels of Laming et al. (2018) 
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P.3 Aim of this study 
 

Throughout the presentation of the Rimicaris model given in the introduction (part 2.1), 

current knowledge as well as persistent gaps in the understanding of the life cycle of these species 

have been highlighted (summarized by Fig 50.). The diagram presented in Fig 50. clearly points at 

several striking facts. First, the pelagic phase that corresponds to the dispersal period is basically 

unknown and constitutes probably the major gap. Despite this fact, many fundamental parts of the 

benthic phase, such as the brooding period, the embryonic development or the juvenile recruitment 

are also poorly understood. If we consider the holobiont, the two symbioses are relatively well 

described at adult stages, but their dynamic of acquisition and colonization along the rest of the 

lifecycle needs to be investigated. However, the most noticeable point is probably the fact that most 

of our knowledge on Rimicaris lifecycles have been acquired only from a single model: Rimicaris 

exoculata. The study of other Rimicaris species - or even other alvinocaridids – from different regions 

of the world is therefore a prerequisite to establish general rules that are representative of the whole 

shrimp family. 

From this statement, the aim of this study is twofold: first, to characterize and compare the 

life history traits of certain critical life steps of these shrimps and secondly, to put the Rimicaris species 

symbioses into the temporal framework of their cycle of life. Precisely, the interspecific comparison 

will be done on three fundamental aspects: the fecundity and the brooding period, the demographic 

structure detailed per life stages as well as the ecological niche characterization for each of these 

stages, and finally the morphological and trophic transitions of the juvenile stages along their 

metamorphosis and recruitment. 

These fundamental questions will be explored by using a taxon-focused approach, whose final 

purpose – beyond the scope of this single study – would be to propose, with all the informations 

gathered, a model of conservation for these species (Glover et al., 2018). Two species will receive a 

particular focus in this work: Rimicaris exoculata and Rimicaris chacei two co-occuring species of the 

Mid Atlantic Ridge, as they represent the two main “morphotypes” within the Rimicaris genus, which 

correspond to different degree of symbiosis dependence and of morphological modifications that 

result from it.  

This work fits into the framework of the mineral exploration license of the seafloor massive 

sulfides (SMS) deposits of the MAR granted by the International Seabed Authority (ISA) to France 

(2014-2029) with a view for future exploitation (Dunn et al., 2018; Van Dover et al., 2018) (Fig 51.). 

The area covered by this licence comprises the TAG and Snake Pit vent fields, both hosting 

communities dominated by large populations R. exoculata shrimps and that served as study area for 

this work.  

 Given the extent of knowledge shortcoming currently existing on the life cycle of these species, 

this thesis focuses on some specific aspects divided in four different research axes: 

The first research axis aims to explore the bacterial assemblages associated to Rimicaris early life 

stages with a focus on eggs of R. exoculata (cf. part 3.). This first study seeks to extend the preliminary 

observations made by (Guri et al., 2012) that found bacterial communities associated with the 

envelope of Rimicaris eggs. This work is articulated around two main questions: i) What are the 
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temporal - along the embryonic developpment - and spatial dynamics - within the brood - of bacterial 

colonization on Rimicaris exoculata eggs? ii) Are these bacterial communities specific to egg surfaces, 

thus suggesting a possible selection by the host, or similar to any body surface of these shrimps, then 

suggesting a simple fouling? The first question is explored with microscopic approaches – SEM and 

FISH – whereas the second one involves molecular techniques and bioinformatic anlyses – 16S 

metabarcoding. To attest the specificity of the egg bacterial assemblages, egg brood samples are 

compared with pleopod samples of the same mother, a body surface subjected to the same 

environmental conditions. This work also explores, in the light of the results obtained, new hypotheses 

of symbiont transmission along the Rimicaris exoculata lifecycle. 

 

Fig 52. Contracted areas approved for exploration by the ISA in the Mid Atlantic Ridge, with the 
locations of known active vent ecosystems and inactive sulfide mounds. From Van Dover et al. (2018). 

The second research axis seeks to solve the potential taxonomic issues in the identification of 

Rimicaris juveniles from the MAR that continue to persist today (cf. part 4.). This is be done by careful 

examination of morphological characters given by Komai & Segonzac (2008) to distinguish juveniles of 

R. chacei and R. exoculata coupled with individual barcode of each specimen. With this clarification, 
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the main purpose of this work is to see if the different degree of metamorphosis between the two 

species reflected the evolution of their trophic transition. This hypothesis is tested by using a stable 

isotopes approach using carbon and nitrogen, but also for the first time on these species, sulfur, to 

establish if the origin of their nutritional sources derived from a chemosynthetic or a photosynthetic 

primary production. By using an isotopic niche approach, this axis also compares the habitat use of 

each Rimicaris species and deciphers the potential competition existing between R. exoculata and R. 

chacei.  

The third research axis aims to describe the population structure of Rimicaris exoculata and 

Rimicaris chacei (cf. part 5.). The main question of this part is to assess if all the differences observed 

previously in the second axis between the two species juveniles – recruitment size, trophic differences 

… - have an influence on their recruitment strategies. For that, a cohort analysis is applied to both 

compare recruitment process and mortality rate after this critical lifecycle step. With the clarification 

obtained in the second axis, another goal was to precisely assess the habitat of the different life stages, 

distributed in assemblages as seen before (Hernández-Ávila, 2016), and to characterize the ecological 

niche of these life stages, using thermal conditions as a proxy. Separated and repeated samples of 

different shrimps from different habitats defined visually constitute the base of this work. Using these 

data, a modelling approach to define the thermal niche – obtained by environmental measurement 

associated with each shrimp sample – of each species and each life stage per species, is used to assess 

the potential effect of temperature on the shrimp distribution. Although more limited, some samples 

of M. fortunata co-occurring with the two Rimicaris are added to compare their characteristics with 

the others species. 

The fourth research axis is articulated around two main questions: i) Can we observe different 

reproductive strategies in species from the same genus and co-occuring in the same locations? ii) What 

are the temporal dynamics of Rimicaris exoculata reproduction? The first question is explored by the 

comparison of different life history traits related to the shrimp reproduction between three different 

MAR species. The temporal dynamics is observed from two different angles to test the current 

hypothesis of a seasonal reproduction in R. exoculata between January and February (Hernández-

Ávila, 2016). First, an interranual comparison of R. exoculata reproductive traits between sampling 

years is conducted. Secondly, data obtained for R. exoculata are compared with samples of its sister 

species R. kairei inhabiting areas of the globe at opposite latitude. This second part seeks to observe if 

opposite reproductive patterns exist between closely related species inhabiting regions where seasons 

are inverted.  
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« Il y a trop de spécialités, pour qu'un seul homme puisse, en une seule existence, en posséder à 

fond une seule miette » 

Martin Eden, Jack London 
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1.1. DIVERSITY AND VARIATION IN MICROBIAL COMMUNITIES COLONIZING BROODS OF THE 

VENT SHRIMP RIMICARIS EXOCULATA DURING THE EGG DEVELOPMENT 

The aim of this study was to continue the work obtained previously on the bacterial 

assemblages associated to the earlier life stages of R. exoculata shrimp, initiated first by (Guri et al., 

2012) who described the bacterial diversity associated to eggs, in order to extend it to a larger number 

from different sites, throughout the embryonic development. Preliminary results to this aim were 

obtained by Ivan Hernández-Ávila during his thesis (Hernández-Ávila, 2016), where he explored the 

evolution of this bacterial colonization along the embryonic development. He realized most of the SEM 

observations kept in the following article as well as bacterial diversity analyses obtained by PCR cloning 

(unpublished data). 

The work realized during this thesis concern therefore only the 16S barcoding (NGS 

sequencing) for the bacterial diversity, the FISH observations and some of the SEM observations 

(pleopods mainly). Sampling of the animals was an integral part of this Ph.D. work and was realized 

during the BICOSE 2 expedition in 2018 to be used for most of the 16S barcoding analyses and several 

FISH observations. Other samples were collected by different people during the BICOSE expedition. 

With different egg stages, we compared the assemblages at different point providing a general view 

of the bacterial colonization evolution along the embryonic development. All these samples were 

collected from two different vent fields, TAG and Snake Pit, to evaluate the influence of the 

surrounding environmental conditions – temperature, vent fluid chemistry for instance. Additionally, 

both egg and pleopods – two body surfaces exposed to similar environmental conditions – for each 

brooding females were taken to characterize the potential specificity of the bacterial communities 

associated to eggs. Put back in the context of the vent shrimp life cycle, this study sought to propose 

new hypotheses – or to reassess previous in the light of our results – on the symbiont acquisition 

pathways and on the potential role of the bacterial assemblages associated to eggs. 

 

 

1.1. Diversity and variation in microbial communities 

colonizing broods of the vent shrimp Rimicaris exoculata 

during the egg development 
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Rimicaris exoculata is one of the most well-known and emblematic species of endemic

vent fauna. Like many other species from these ecosystems, Rimicaris shrimps host

important communities of chemosynthetic bacteria living in symbiosis with their host

inside the cephalothorax and gut. For many of these symbiotic partners, the mode

of transmission remains to be elucidated and the starting point of the symbiotic

relationship is not yet defined, but could begin with the egg. In this study, we explored

the proliferation of microbial communities on R. exoculata broods through embryonic

development using a combination of NGS sequencing and microscopy approaches.

Variations in abundance and diversity of egg microbial communities were analyzed in

broods at different developmental stages and collected from mothers at two distinct

vent fields on the Mid-Atlantic Ridge (TAG and Snake Pit). We also assessed the

specificity of the egg microbiome by comparing communities developing on egg

surfaces with those developing on the cuticle of pleopods, which are thought to be

exposed to similar environmental conditions because the brood is held under the

female’s abdomen. In terms of abundance, bacterial colonization clearly increases

with both egg developmental stage and the position of the egg within the brood:

those closest to the exterior having a higher bacterial coverage. Bacterial biomass

increase also accompanies an increase of mineral precipitations and thus clearly

relates to the degree of exposure to vent fluids. In terms of diversity, most bacterial

lineages were found in all samples and were also those found in the cephalothorax

of adults. However, significant variation occurs in the relative abundance of these

lineages, most of this variation being explained by body surface (egg vs. pleopod),
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vent field, and developmental stage. The occurrence of symbiont-related lineages of

Epsilonbacteraeota, Gammaproteobacteria, Zetaproteobacteria, and Mollicutes provide

a basis for discussion on both the acquisition of symbionts and the potential roles of

these bacterial communities during egg development.

Keywords: hydrothermal, shrimp, microbial colonization, Alvinocarididae, egg development

INTRODUCTION

Deep-sea hydrothermal vents are oases of life, mainly sustained
by primary microbial chemosynthetic production. In these
ecosystems, microbial life thrives in several microhabitats from
water fluids to rock or sediment surfaces (Campbell et al.,
2006). As in other aquatic environments, the bodies of vent
fauna also offer suitable surfaces for bacterial communities to
establish themselves and have never been observed without
microorganisms (López-García et al., 2002; Duperron et al., 2009;
Goffredi, 2010). More intricate and specific, relationships formed
by chemosynthetic symbioses, where symbionts provide most of
their host’s nutrition, are also widespread in several dominant
vent megafauna taxa (Dubilier et al., 2008). Among these, the
alvinocaridid shrimp Rimicaris exoculata (Williams and Rona,
1986) is found in several vent fields on the Mid-Atlantic Ridge
(MAR), like TAG and Snake Pit, where it forms dense aggregates
of thousands of shrimps per m2 close to hydrothermal vents
(Segonzac et al., 1993; Copley et al., 2007).

Adult stages of R. exoculata host episymbiotic bacteria in
their cephalothorax (or branchial chamber) and on mouthparts,
which are modified and adapted to the colonization and growth
of the symbiotic bacteria (Segonzac et al., 1993; Zbinden et al.,
2004). Moreover, shrimps host a distinct epibiotic microbial
community in their gut (Zbinden and Cambon-Bonavita, 2003;
Durand et al., 2010, 2015). The bacterial assemblage in the
cephalothorax provides nutrition to the shrimp by direct transfer
of organic carbon generated by chemosynthesis (Ponsard et al.,
2013). In addition, the metabolic activity of the bacteria could
also protect the shrimp from harmful vent fluids by facilitating
detoxification processes (Zbinden et al., 2008; Ponsard et al.,
2013; Jan et al., 2014).

The microbial community hosted in the cephalothorax is
particularly dynamic due to the short molting cycle of the shrimp
(roughly 10 days). Because bacteria colonize the inner surface
of the cephalothorax and mouthparts, these episymbionts are
eliminated after each molt (Corbari et al., 2008b). The molting
cycle of the shrimp generates a constant cycle of production
of new body surfaces followed by symbiont recolonization,
development, and accumulation of mineral deposits (Corbari
et al., 2008a,b). In contrast, as the gut has no cuticle layer
and is thus not subjected to surface renewal during molting,
symbionts in this part of the body are supposedly maintained
throughout the life of the animal following their acquisition
(Durand et al., 2010).

The symbiotic bacterial assemblages are diverse in both
cephalothorax and gut compartments, but are usually dominated
by Epsilonbacteraeota and Gammaproteobacteria in the
cephalothorax (Zbinden et al., 2008; Petersen et al., 2010;

Jan et al., 2014) and by Deferribacteres, Entomoplamatales,
and Epsilonbacteraeota in the gut (Durand et al., 2010,
2015; Cowart et al., 2017). Whereas Epsilonbacteraeota- and
Gammaproteobacteria-related lineages have been found in
abundance in the surrounding fluids (Petersen et al., 2010),
Deferribacteres and Entomoplamatales symbionts have not yet
been detected in the shrimp environment.

In caridean shrimps, females molt just before mating and
extruding eggs. During this molt, pleopods become modified,
with more developed setae, which is related to their role in
holding the eggs during the brooding period (Correa and Thiel,
2003; Bauer, 2013). After mating, the eggs are extruded, mixed
with sperm and covered with a mucus layer that ensures they
remain adhered together and to the pleopods (Fisher and Clark,
1983). Since ovigerous females remain in dense populations
crawling on the walls of active chimneys during the entire
brooding period (Hernández-Ávila, 2016), their eggs experience
environmental conditions found in the adult aggregations. They
are thus exposed to the dynamic mixing between seawater and
warm vent fluids and may provide attachment surfaces for
microorganisms with chemoautotrophic metabolism.

Colonization of eggs of this species by epibiotic bacteria was
recently described, and the lineages of Gammaproteobacteria
and Epsilonbacteraeota found were the same as those retrieved
within the cephalothorax of adults (Guri et al., 2012). This
finding indicates that the bacteria-host relationship could start
after the extrusion of the eggs by the female, during embryonic
development (brooding phase).

Here we expand on Guri’s study by assessing variations in
bacterial communities associated with broods of R. exoculata
across different geographic locations, and at different stages
through embryonic development. We also aimed to test the
hypothesis of an establishment of the symbiotic relationship very
soon after egg extrusion, by comparing bacterial communities
developing on eggs with those developing on the pleopods
holding the brood. Surfaces of both structures are co-localized
on the female body and are thus assumed to be exposed to the
same environmental conditions. If an opportunistic unspecific
colonization (fouling) occurs on both structures, then we would
expect similar bacterial assemblages. In such a case, a lack of
specificity in egg-associated microorganisms would not support
the hypothesis of the development of a symbiotic relationship
at this stage. If egg surfaces trigger the attachment of specific
microorganisms, then bacterial assemblages on pleopods would
be expected to be significantly different from those developing on
eggs. Such a pattern would be in favor of a selective mechanism,
which could help establish symbiotic relationships very early in a
shrimp’s life cycle.

Frontiers in Microbiology | www.frontiersin.org 2 April 2019 | Volume 10 | Article 808



Methou et al. Bacteria Colonization Vent Shrimp Eggs

In our study, bacterial assemblages that colonize the
surfaces of eggs and of pleopods were analyzed in females
holding broods at different stages of embryonic development
collected from two different vent fields: Snake Pit (3460 m
depth) and TAG (3630 m depth). The goals of this study
were (i) to compare the bacterial assemblages found on
the surface of the eggs and pleopods of brooding females;
(ii) to assess variations in bacterial assemblages through
embryonic development, and (iii) to compare the colonization
of bacterial communities on eggs and pleopods from two
different vent fields.

MATERIALS AND METHODS

Sample Collection
Rimicaris exoculata brooding females were collected at two vent
fields on the MAR (Figure 1A), Snake Pit (23◦22′N; 44◦57′W,
3460 m depth) and TAG (26◦08′N; 44◦49.5′W, 3630 m depth),
during the BICOSE (January 11 – February 10 2014) and BICOSE
2 cruises (January 26 2018 – March 10 2018). Specimens were
collected in large aggregates inhabiting active emission habitats
(Figure 1B), using a suction sampler manipulated by the Remote
Operated Vehicle (ROV) Victor 6000 (BICOSE) or Human
Operated Vehicle (HOV) Nautile (BICOSE 2).

Sampling at such depths implies that the collected organisms
spend more than 1 h of ascent through the water column, before
they are made available to scientists on board the oceanographic
ship. Uncontrolled decompression during this ascent may
considerably impair the physiological state of sampled fauna,
leading to significant levels of mortality upon final recovery on
board the ship. In order to improve the sampling conditions,
pressurized recoveries of the specimens were performed using the
PERISCOP R©device: 18 such samplings were undertaken, 6 and
12 at the Snake Pit and TAG sites respectively (Supplementary

Table S1). The specimens were collected inside a PVC sampling
cell, which was connected to the slurp gun of the ROV or HOV.
This sampling cell was further transferred to the isobaric chamber
PERISCOP R©before starting the ascent to the surface (Shillito
et al., 2008). On board of the ship (R/V Pourquoi pas?) samples
were rapidly decompressed in a controlled manner and processed
for dissection and fixation. Survival rates were then close to 100%,
as witnessed by the intense activity of the shrimp following the
opening of the PERISCOP device.

Brooding females (Figure 1C) were selected from each
site according to the developmental stage of the embryos in
their brood. The eggs were classified into three developmental
stages (Figures 1E–G):

- Early stage from one-cell embryos to fully segmented
embryos (blastula);

- Middle stage includes embryos at the gastrulation (a clear
area starts to be visible at one pole of the egg) to embryos
showing early differentiation of larval structures;

- Late stage includes embryos with advanced development
of larval structures and eyespots visible through
the egg envelope.

For each female, the full brood was removed and two pleopods
(Figure 1D) were dissected. A pleopod and a small number of
eggs were fixed in 3% formalin for 3 h, rinsed with phosphate-
buffered saline (PBS)/sterile seawater buffer (1:1) and stored in
PBS/Alcohol at −20◦C for FISH analyses (1:1) (Durand et al.,
2010), while another pleopod and the rest of the brood were
frozen at −80◦C for DNA analyses.

In all, 40 R. exoculata samples were selected covering
all combinations of body structure (brood vs. pleopod),
developmental stage (early, middle, or late), and vent field (Snake
Pit or TAG), each combination being replicated at least three
times (Supplementary Table S1).

Other samples were also collected for complementary
experiments (Supplementary Table S1) using scanning electron
microscopy (SEM) and Fluorescent In SituHybridization (FISH).
Samples were formalin-fixed as described above for the FISH
analyses, or fixed in 2.5% glutaraldehyde in seawater, rinsed after
12 h of fixation and kept at 4◦C in seawater for SEM analyses
(Zbinden et al., 2004). For illustrative purpose (Figures 1, 2),
images of egg broods, individual eggs and pleopods were taken
under a stereomicroscope (Leica MS125, Leica Microsystems).

DNA Extraction, Sequencing Method,
and Sequence Processing
DNA from eggs and pleopods was extracted using a
NucleoSpin R©Soil Kit (Macherey-Nagel, Germany) following
manufacturer’s instructions. The extracted DNA samples were
then sent to the MR DNA laboratory (Molecular Research LP,
Shallowater, TX, United States) for amplification and sequencing
of prokaryotic diversity. This was performed on a 450 bp
fragment of the 16S rRNA gene (16S) using Illumina’s MiSeq
technology with the 2 × 300 bp chemistry. Briefly, the 16S
V3-V4 variable region (Fadrosh et al., 2014) [341/785 primers,
with barcode on the forward primer (Herlemann et al., 2011)]
was amplified in a 28-cycle PCR using the HotStarTaq Plus
Master Mix Kit (Qiagen, United States) under the following
conditions: 94◦C for 3 min, followed by 28 cycles of 94◦C
for 30 s, 53◦C for 40 s and 72◦C for 1 min, after which
a final elongation step was performed at 72◦C for 5 min.
PCR products were then purified using calibrated Ampure
XP beads and used to prepare a DNA library following the
Illumina TruSeq DNA library preparation protocol. Blank
DNA extraction controls were sequenced to verify there
was no contamination, which was confirmed as these gave
no amplification.

Prokaryotic 16S rRNA paired-end reads were merged using
USEARCH (Edgar and Flyvbjerg, 2015) after q25 trimming of
the ends. The resulting 16S reads were processed using FROGS,
implemented on the Galaxy platform (Escudié et al., 2018),
multifasta files were parsed, checked for quality, and trimmed
by length (expected value of 455b ± 35b). Sequences were then
clustered with SWARM (Mahé et al., 2014) using a distance
threshold of three, chimeras were removed using the UCHIME
algorithm (Edgar et al., 2011) implemented in VSEARCH
(Rognes et al., 2016), and taxonomic affiliation was performed for
each OTU by NCBI Blast+(Camacho et al., 2009) using the Silva
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FIGURE 1 | Sampling and dissection procedures. (A) Geographic location of hydrothermal vent sites where Rimicaris exoculata are present (black) and where

brooding females were sampled (white). (B) Example of a shrimp aggregate where brooding females were collected at TAG vent field. (C) Rimicaris exoculata
brooding female holding eggs between pleopods under the abdomen; scale bar = 5 mm. (D) First pleopod with modified setae dissected from a brooding female;

scale bar = 2 mm. Single eggs (E) at early stage (F) middle stage (G), and late stage of development; scale bars = 0.5 mm.

132 16S gene database (Quast et al., 2013). Additional filtering
on abundance at the threshold of 0.005% (Bokulich et al., 2013)
and on BLAST at 95% minimum coverage and 80% minimum
identity was also performed to remove non-biologically relevant
OTU sequences. Two OTUs affiliated to plant chloroplast and
mitochondria (260 and 144 sequences of the total dataset,
respectively) were manually removed from the dataset. The

16S rRNA data are available in the NCBI SRA repository
(SubmissionID SUB4881289, BioProjectID PRJNA509116).

Statistical Analysis
Alpha diversity within the 40 samples was estimated with OTU
number and Inverse Simpson index (Simpson, 1949). Difference
in the alpha diversity indexes among body structure and vent
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FIGURE 2 | SEM observations of epibiotic bacteria on the surface of R. exoculata eggs and pleopods. Rimicaris exoculata egg broods observed under a

stereomicroscope with eggs at (A) early stage, (B) mid stage, (C) and late stage. Individual eggs observed under a scanning electron microscope with eggs at (D,E)

early stage, (G,H) mid stage (J,K) and late stage. Pleopods observed under a scanning electron microscope holding broods at (F) early stage, (I) mid stage, (L) and

late stage. The crusts observed in the close-ups both on eggs (K) and pleopods (L) in SEM are deposits of ferric oxide, which correspond to the orange coloration

observed under stereomicroscope on egg broods (B,C). Red arrows are targeting some of the rod shaped and filamentous bacteria observed in these pictures. e,

bare egg envelope areas where mucus layer have been removed and m, egg envelope areas covered by mineral crusts.

field categories were tested using Mann-Whitney tests and the
difference between developmental stages, by Kruskal–Wallis
followed by pairwise Wilcox tests; p < 0.05 was considered the
threshold of significance for a difference between samples.

For further statistical analysis, the sequence dataset was
normalized by cumulative sum scaling to minimize the effect of
different sequence numbers obtained with each sample (Paulson
et al., 2013). Beta diversity was analyzed by hierarchical clustering
using the complete method based on Bray-Curtis dissimilarity
matrices. The homogeneity between categories was tested with
the betadisper function of the Vegan R package, and significant
differences between categories were tested for by Permutational
Analysis of Variance (PERMANOVA, 9999 permutations) with
the adonis function of the same package (Oksanen et al.,
2008). Multilevel comparisons for the developmental stage

condition were also performed with the pairwise adonis function
(Arbizu, 2017).

Taxonomic composition and diversity results were visualized
using the R package Phyloseq v.1.14.0 (McMurdie and Holmes,
2013). The linear discriminant analysis (LDA) effect size (LefSE)
method (Segata et al., 2011) was used to characterize and
highlight microorganisms specific to each of the different
conditions. Results were shown both with a plot of LDA score for
each bacterial group and with a cladogram, each concentric circle
representing a taxonomic level, the innermost being the phylum
and the outermost the genus.

Scanning Electron Microscopy
Eggs and pleopods were dehydrated with an ethanol series (30, 50,
70, 95, and 100% ethanol) and then for 5 h in a critical point dryer
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CPD 020 (Balzers Union, Balzers, Liechtenstein). Finally, samples
were gold-coated with an SCD 040 (Balzers Union). Observations
and imaging were performed using a Quanta 200 microscope
(FEI-Thermo Fisher, Hillsboro, OR, United States). The chemical
composition of the mineral crust present on egg and pleopod
surfaces was also analyzed with an X-ray Energy Dispersive
Spectrometer (EDX) using an X-Max 80 (Oxford Instruments,
Oxford, United Kingdom) and displayed with AZtec software
(Oxford Instruments, Oxford, United Kingdom).

Fluorescent in situ Hybridization
Eggs were dehydrated with a PBS-Ethanol series (from 50:50 to
pure ethanol with a 10% increase for each bath, 10 min each)
and progressively transferred to LR-white resin in an Ethanol-
Resin series (2:1, 1:1, and 1:2 Ethanol/Resin ratio; 30 min each).
After three baths of 30 min in pure LR-white resin to remove
any trace of ethanol, samples were placed in gelatin capsules
filled with LR-white and left for 48h for further impregnation at
room temperature. The LR-white resin was polymerized in the
gelatin capsules at 50◦C for 24 h. Before sectioning, the gelatin
was removed with hot water and the LR-white blocks were cut
into 2-µm sections in series through the entire egg or half of it
using an ultramicrotome Ultracut UCT (Leica).

Sections were mounted on glass slides, and hybridized in
a reaction mixture containing 0.5 mM of each probe in a
30% formamide hybridization buffer [0.9M NaCl, 0.02M Tris-
HCl, 0.01% sodium dodecyl sulfate (SDS), and 30% deionized
formamide] for 6 h at 46◦C. Different concentrations of
formamide (10, 20, 30, 40, and 50%) were initially tested, but
30% formamide always gave the best results. Hybridization
temperature was chosen according to Guri et al. (2012).
Sections were washed at 48◦C for 30 min in a washing buffer
(0.102M NaCl, 0.02M Tris-HCl, 0.005M EDTA, 0.01% SDS)
and rinsed briefly with water. Sections were covered with
Slow Fades Gold antifade reagent containing 40-6-diamidino-2-
phenylindole (DAPI) (Invitrogen), and a cover slip. The probes
used in this study (Eurofins) were Eub338, targeting most of
the Eubacteria (Amann et al., 1990); GAM42a, targeting the
Gammaproteobacteria (Manz et al., 1992); Epsy914, targeting
Epsilonbacteraeota (Loy et al., 2003); and Zeta123, targeting
Zetaproteobacteria (Kato et al., 2009); and labeled with Cyanine
3 or Cyanine 5 (Supplementary Table S2).

Observations were made on a Zeiss AxioImager.Z2
microscope equipped with Apotome, an AxioCam, and a
Colibri LED light source with three light-emitting diodes (UV-
emitting LED, 365 ± 4.5 nm for DAPI; green emitting LED,
550 ± 14 nm for Cyanine3; red-emitting LED, 590 ± 17.5 nm for
Cy5) (Carl Zeiss MicroImaging GmbH, Göttingen, Germany).
Micrographs were analyzed using Zen (Zeiss) software.

RESULTS

Electron Microscopy Analysis
Observed under a light microscope, early stage broods were
almost devoid of mineral deposits, except for some thin and
scattered mineral deposits found on some eggs (Figure 2A).

Conversely, middle stage broods had small patches of mineral
deposits (Figure 2B). Mineral deposits were even greater on late
stage broods, some of which were almost half covered with a thick
mineral crust (Figure 2C). Eggs in these late broods showed high
variation in mineral coverage, with more minerals covering eggs
of the external part of the brood (Figure 2C).

As shown in the SEM images, the surface of early stage eggs
was colonized by only a few scattered bacteria (Figure 2D).
The morphotypes identified at this stage were small isolated
rod-shaped bacteria, mostly attached laterally, and 1-µm thick
filaments with a proximal attachment to the eggs, measuring 10 s
to 100 s µm (Figure 2E). The surface of pleopods holding these
early stage broods was also colonized by a few rod-shaped and
filamentous bacteria (Figure 2F).

At the middle stage, the broods showed different degrees of
bacterial colonization, usually with patches of bacteria over the
eggs and on the connective mucus. In general, the bacterial
coverage was denser than on early stage broods, with more
bacterial filaments, including thin (<1 µm) and thick (>1 µm)
filaments and erect rod-shaped bacteria (Figures 2G,H). In
sections where the mucus coat was broken, allowing observation
of the egg envelope itself, mostly, no bacteria directly attached
to the egg envelope were observed (Figure 2G). In addition,
in some areas, the bacteria were found with crusts of mineral
deposits of different thickness (up to 5 µm). Spectrophotometric
analysis of this mineral crust showed that the deposits were
mainly composed of ferric oxides for both eggs and pleopods
(Supplementary Figures S1D,E). Similar bacterial colonization
was also observed on pleopod surfaces (Figure 2I).

On broods in the late stage of embryonic development,
bacteria covered the eggs almost entirely. The morphotypes
identified were the same as those found on middle stage eggs
(Figures 2J,K). However, the distribution was more uniform
over the eggs and connective mucus. Similarly, there were more
mineral deposits, which tended to form thick crusts (5–7 µm
thick), covering even the connective mucus. In some spots with
mineral deposits, it seemed that the crust covered a part of the
bacterial biofilm, but there were still bacterial cells visible over
the crust. The surface of pleopods holding late stage broods
were also covered by a thick crust of mineral deposits and
colonized by several thick and thin filaments similar to those
found on eggs (Figure 2L). Bacterial colonization on the eggs
or pleopods during embryonic development showed similar
patterns in the TAG and Snake Pit vent fields. As for middle
stages, spectrophotometric analysis of the thick mineral crust
confirmed presence of ferric oxides on both late stage egg and
pleopod surfaces (Supplementary Figures S1A–C).

Microbial Diversity Analysis
Our metabarcoding of the bacterial communities associated with
eggs or pleopods of R. exoculata generated a total of 3,361,475
sequences. After sequence filtering, there remained a total of
2,269,630 partial 16S RNA (V3-V4 regions) sequences clustered
in 228 OTUs to assess bacterial diversity. Most sequences were
identified on both body structures, with only one OTU and
one bacterial order of Mollicutes specific to eggs, namely the
Entomoplasmatales (Supplementary Figure S2). In the sameway,
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two OTUs were specific to Snake Pit and one order of Mollicutes
specific to TAG, namely the Mycoplasmatales, the rest being
common to both vent fields (Supplementary Figure S2). All
OTUs except one, absent from late stage samples, were present
at every developmental stage (Supplementary Figure S2).

None of our samples had difference in average bacterial OTU
number according to surface type (egg vs. pleopod), vent site
or developmental stage (Supplementary Figure S3). However,
Inverse Simpson values indicated a greater mean evenness in
egg samples compared with pleopod samples (p = 0.001041;
Supplementary Figure S3A). Pleopods were dominated by fewer
OTUs whereas eggs had more even microbial communities in
comparison. Interestingly, a shift could be observed through
the developmental stages with a significantly higher evenness
for late stage pleopods compared with middle and early stages
(p = 0.003; Supplementary Figure S3E). Similar variation was
observed for eggs with a slight increase in average Inverse
Simpson values for late stages compared to early and middle
stages, although supported by a marginal p-value (p = 0.052;
Supplementary Figure S3D). No significant differences were
found between TAG and Snake Pit samples for eggs or pleopods
(Supplementary Figures S3B,C).

Regardless of the vent site, egg, and pleopod communities
were significantly different from each other (PERMANOVA
R2 = 0.233, p < 0.001, Supplementary Table S3). Body surface
(egg vs. pleopod) was also the main factor structuring our dataset,
followed by vent site effect (R2 = 0.195) and developmental stage
effect (R2 = 0.148, Supplementary Table S3). Taken separately,
both egg and pleopod surfaces, showed a strong vent site effect
on bacterial community composition, with significant differences
between TAG and Snake Pit assemblages (PERMANOVA R2

0.291 and 0.316 p < 0.001 for both eggs and pleopods).
In addition, significant variations in bacterial communities

were detected through the egg development stages
(PERMANOVA R2 0.263 and 0.308, p = 0.004 for both eggs and
pleopods). These variations were mainly observed between early
stages and late stages for both surfaces (Pairwise PERMANOVA
R2 0.299 and 0.379, p = 0.013 and 0.009 for eggs and pleopods,
respectively). Indeed, no significant differences were found
between middle and late stage for either surface, or between
early and middle stages for pleopods. Only slightly significant
variations were found between early stages and middle stages for
eggs (Pairwise PERMANOVA, Supplementary Table S3).

These results were further supported by hierarchical
clustering, which separated most Snake Pit eggs from all other
samples and then most TAG eggs from the rest, most of which
were pleopod samples (Figure 3). Only some early stage egg
samples (from both sites) clustered together with early stage
pleopods in a separate cluster (Figure 3). In any case, body
surface samples (i.e., eggs vs. pleopods) or vent site origin, were
more closely related to each other than were samples originating
from the same brooding female.

Microbial Taxonomic Comparison
Based on rDNA 16S sequence affiliation according to the
Silva 132 database, nine phyla could be identified in our
samples, with just four phyla accounting for more than 99%

of the sequences obtained (Figure 3). The most abundant
taxa were Epsilonbacteraeota, representing in 39% of the
total dataset in relative abundance, followed by Proteobacteria
(36%), Patescibacteria (13%), and Bacteroidetes (11%). Among
Proteobacteria, three major classes were present with a
clear dominance of Gammaproteobacteria (63.7%), followed
by Zetaproteobacteria and Alphaproteobacteria (17.7% each).
Sequences affiliated to Rothia sp. from the Actinobacteria
phylum (0.007%), Streptococcus sp., and Enterococcus sp. from
the Firmicutes phylum (0.013%) were only present in a few
samples and most likely correspond to potential contaminants.
In the same way, two other phyla, Tenericutes (0.025%) and
Deinococcus–Thermus (0.32%)were present in only a few samples.

One of the major differences between bacterial communities
on eggs and pleopods was the relative proportion of the
different Epsilonbacteraeota families. As shown by LDA analysis
(Figure 4 and Supplementary Figure S4), Epsilonbacteraeota
were significantly more abundant in pleopod than in egg
communities (49 and 36%, respectively). Additionally, among
this phylum, members of the Sulfurovaceae family were much
more abundant in pleopod (97.8% of the relative abundance of
all Epsilonbacteraeota) than in egg communities (57.5% of all
Epsilonbacteraeota). Conversely, members of the Arcobacteraceae
and Campylobacteraceae families were much more abundant in
egg (22.1 and 18% of all Epsilonbacteraeota, respectively) than
in pleopod communities (less than 1% for both). The relative
abundance of Zetaproteobacteria (8% in eggs compared with
3% in pleopods) also contributed to the difference between egg
and pleopod communities (Figure 4). Despite their relatively
high abundance, Gammaproteobacteria show similar relative
abundance with no significant differences in both eggs and
pleopod communities (24 and 19%, respectively). Only one
Gammaproteobacteria genus, Colwellia, was shown by the LDA
analysis to be significantly more abundant in eggs. This result
was the effect of a single brooding female – Rimi185 – on
whose eggs the Colwellia family accounted for 50% of the
total Gammaproteobacteria class. In other samples, including
the pleopods of Rimi185, Colwellia were always present in
low abundance and the Gammaproteobacteria class was mainly
dominated by Thiotricaceae. Interestingly, as illustrated by
Venn diagrams (Supplementary Figure S2), our LDA analysis
confirms Mollicutes from the Entomoplasmatales order as an
egg-specific group present only in some of our egg samples.

Regarding vent site influence, LDA analysis (Figure 5 and
Supplementary Figure S5) revealed that Zetaproteobacteria (13
and 3% for TAG and Snake Pit, respectively) Campylobacteraceae
(2 and 11% for TAG and Snake Pit, respectively), and the
JGI_00000069_P22 order of theGracilibacteria family (6 and 13%
for TAG and Snake Pit, respectively), were the main lineages
responsible for the difference between the two vent fields in
egg communities (Figure 5A). By contrast, Alphaproteobacteria,
mainly from the Rhodobacterales order (8 and 3% for TAG and
Snake Pit, respectively), Zetaproteobacteria (8 and 2% for TAG
and Snake Pit, respectively), and the Bacteroidetes family of
Saprospiraceae (9 and 6% for TAG and Snake Pit, respectively)
were the main lineages responsible for the difference between the
two vent fields in pleopod communities (Figure 5B).
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FIGURE 3 | Relative abundances of 16S rRNA gene sequence reads from egg and pleopod samples according to their classification (Silva 132 database). Groups

are at the family level for the Epsilonbacteraeota phylum and at the class level for other phyla. The cluster dendrogram depicts the average linkage hierarchical

clustering based on a Bray-Curtis dissimilarity matrix of community compositions resolved down to OTU level.
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FIGURE 4 | Most differentially abundant bacterial taxa between eggs (red) and pleopods (green). (A) Cladogram representing taxonomic distribution of the

differentially abundant bacterial taxa. The dots represent the specific bacterial taxa, with colors corresponding to the surface (eggs or pleopods) where these are

relatively more abundant, yellow-greenish color denoting taxa with no significant difference in relative abundance between eggs and pleopods. The size of dots is

proportional to the relative abundance. (B) Ranked LDA scores of the differentially abundant bacterial taxa, with taxa with highest relative abundance in pleopods in

green, and taxa with highest relative abundance in eggs in red.

During egg development, an important shift between
Epsilonbacteraeota and Gammaproteobacteria was observed,
Epsilonbacteraeota being more abundant at early stages (from
58 to 23% for eggs and from 56 to 33% for pleopods) and
Gammaproteobacteria, more abundant at late stages (from 15 to
26% for eggs and from 15 to 24% for pleopods) (Figures 6A,B and
Supplementary Figure S6). Increased abundance at late stages
for Deinoccocus–Thermus (from less than 0.1 to 2% for both eggs
and pleopods), Bacteroidetes family Saprospiraceae (from less
than 0.1–4% for eggs; 6% for pleopods), and Deltaproteobacteria
(from less than 0.1–1% for both eggs and pleopods) lineages
were also highlighted by LDA analysis (Figures 6A,B and
Supplementary Figure S6).

Fluorescent in situ Hybridization
Observations
On the hybridized sections, a positive signal with the Eubacteria
probe was obtained on the envelope of all late stage eggs covered
with mineral deposits, showing thin filaments and rod-shaped

structures (Figure 7A). By contrast, no positive signal was
obtained with the Eubacteria probe on most hybridized sections
of early stage eggs (Supplementary Figure S7), confirming SEM
observations that bacterial assemblages are hardly present at
all at this stage.

At the late stage, however, eggs from the same brood
showed high variation in terms of bacterial coverage, showing
some eggs with abundant mineral deposits, and others without
any mineral deposit on their envelope. The first type had a
large number of filamentous bacteria and rod-shaped bacteria
(Figures 7A,C,D), whereas those without mineral deposits had
less bacteria, more similar to the early stage, with only a few
rod-shaped erected bacteria revealed by a weak Eub338 signal
(Figure 7B). Differences in the abundance of mineral deposits on
the eggs were associated with egg position in the brood. The egg
with many mineral deposits being the most external and the most
exposed to the hydrothermal fluids.

Positive signals were obtained with the Epsilonbacteraeota
probe on the thick filaments and with the Gammaproteobacteria
probe on thin filaments for late stage eggs, confirming their status
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FIGURE 5 | Most differentially abundant taxa of egg communities (A) and pleopod communities (B) between TAG (orange) and Snake Pit (blue) vent fields. The dots

represent the specific bacterial taxa, with colors corresponding to the vent field where these are relatively more abundant, yellow-greenish color denoting taxa with

no significant difference in relative abundance between vent fields. The size of dots is proportional to the relative abundance.

as active bacteria on egg surfaces (Figures 8A,B). Positive signal
with the Zetaproteobacteria probe was also obtained for bacteria
entangled within themineral crust for late stage eggs (Figure 8C).
Moreover, the Gammaproteobacteria signal matched with most
of the thin filamentous bacteria and the small-rod bacteria
observed with DAPI, corroborating their high abundance at these
stages (Supplementary Figure S7). This was further supported
by co-hybridization with Gammaproteobacteria and Eubacteria
probes, which showed that a Gammaproteobacteria signal co-
localized with most of the Eubacteria signals (Supplementary

Figure S7). Considering the low bacterial coverage at the early
stage, no consistent signal could be observed with specific probes
(Gammaproteobacteria or Epsilonbacteraeota). For each of these
groups, no signal with specific probes was reported inside the eggs
or elsewhere than on the surface of egg envelopes (Figure 8 and
Supplementary Figure S7).

DISCUSSION

When the bacterial association with eggs of R. exoculata was first
described, in Guri et al. (2012), lineages ofGammaproteobacteria,

Epsilonbacteraeota, Alphaproteobacteria, and Bacteroidetes
similar to those retrieved within the cephalothorax of adults
were reported. In our present study, in addition to the
previous ones, symbiont-related lineages of Zetaproteobacteria
or Entomoplasmatales previously reported in R. exoculata,
cephalothorax or gut were also retrieved (Zbinden and
Cambon-Bonavita, 2003; Jan et al., 2014). For three of these,
namely the Gammaproteobacteria, Zetaproteobacteria, and
Epsilonbacteraeota, localization on the egg surface close to
mineral deposits was confirmed here by FISH (Figure 8).
Our results also highlight significant differences between the
bacterial assemblages found on eggs and on pleopods, as well
as a significant effect of the mother’s vent of origin and the
developmental stage of the brood.

Variation in Bacterial Assemblages
Through Rimicaris exoculata Embryonic
Development
At the early stage, egg and pleopod surfaces have low bacterial
coverage, with only a few rod-shaped and filamentous bacteria
shown by SEM images, and no positive signal with FISH
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FIGURE 6 | Most differentially abundant taxa of egg communities (A) and pleopod communities (B) between early stages (yellow), middle stages (brown) and late

stages (purple). The dots represent the specific bacterial taxa, with colors corresponding to the stage where these are relatively more abundant, yellow-greenish

color denoting taxa with no significant difference in relative abundance between stages. The size of dots is proportional to the relative abundance

bacteria-specific probes. These small assemblages already include
almost every bacteria found throughout embryonic development.
Nonetheless, most assemblages are mainly dominated by
Epsilonbacteraeota, other phyla being present only in low relative
abundance at this developmental stage. High abundance of this
group on newly available surfaces, i.e., freshly laid eggs and
recently molted pleopods, is in good agreement with previous
studies reporting Epsilonbacteraeota as pioneer colonizers on
several types of substratum available at vents after just a few
days of colonization (López-García et al., 2003; Alain et al., 2004;
Szafranski et al., 2015a).

As embryonic development progresses, bacterial coverage and
mineral deposits both appear to follow a gradual progression
on eggs and pleopods, clearly reminiscent of what is observed
inside the cephalothorax after molting (Zbinden et al., 2004;
Corbari et al., 2008b). This increase of bacterial coverage at
later stages is accompanied by important changes in community
composition. For both types of body surface, higher Inverse
Simpson index suggests a more even distribution and a higher
diversity in bacterial assemblages at the late stage than at

the early or middle stages. Although Epsilonbacteraeota may
be more abundant in late stage communities than in small
early stage assemblages, relative abundance clearly decreases
in favor of other groups. Among these, Gammaproteobacteria,
Deltaproteobacteria, andDeinococcus–Thermuswere significantly
more abundant on late stage surfaces, resembling the most
complex communities found on long-term colonized surfaces of
the MAR (Szafranski et al., 2015a).

Molting of caridean brooding females can be postponed
in some cases until the end of embryonic development and
hatching of the larvae, but not in every species and never for
more than a few days (Hess, 1941; Pandian et al., 1982; Bauer
and Abdalla, 2000; Raviv et al., 2008). In R. exoculata, the
time period between two successive molts in non-reproductive
individuals has been estimated to be rather short, around 10 days
(Corbari et al., 2008b). Egg hatching in the Alvinocaridid shrimp
Shinkaicaris leurokolos incubated experimentally at temperatures
representative of the adult habitat (around 20◦C) occurred within
a month (Watanabe et al., 2016), and the brooding period in
R. exoculata likely has similar duration, thus extending their
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FIGURE 7 | FISH Observations of Rimicaris exoculata late stage eggs with universal bacteria probes. Observations were performed on semi-thin sections (2 µm)

stained with DAPI (blue) and hybridized with Eub338-Cy5. (A,C,D) Egg from the external part of the brood with abundant mineral deposits, (B) Egg from the internal

part of the brood without mineral deposits, Colors = Red (Eubacteria).
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FIGURE 8 | FISH Observations of Rimicaris exoculata late stage eggs with specific probes. Observations were performed on semi-thin sections (2 µm) stained with

DAPI (blue) with eggs from the external part of the brood with abundant mineral deposits, hybridized (A) with Epsi914-Cy5, (B) with Gam42a-Cy5, and (C) with

Zeta123-Cy3. Colors = Light Blue (Epsilonbacteraeota), Yellow (Gammaproteobacteria), and Orange (Zetaproteobacteria).

usual intermolt period to a few weeks at most. Therefore, it is
interesting to observe that colonization patterns in our samples
are different from those observed in studies with a similar
exposure period – approximately 2 weeks – both for experimental
colonization devices and for other cuticular surfaces of the same
species (Guri et al., 2012; Szafranski et al., 2015a; Zbinden et al.,
2018). Rather than being dominated by Epsilonbacteraeota, our
late stage samples, especially the eggs, show bacterial assemblages
with higher evenness that are closer to those of long-term
colonized surfaces deployed for about a year on MAR vent
sites (Szafranski et al., 2015a).

Although a full understanding of all the drivers influencing
colonization over egg development phases is not provided here,
we can propose an explanation of colonization by some bacterial
groups, arising from a combination of environmental influences
and female behavior. Epsilonbacteraeota and thiotrophic
Gammaproteobacteria are often described as sulfur oxidizers
thriving in close but differing environmental niches due to
their metabolic capacities (Petersen et al., 2010; Meier et al.,
2017). Members of the first group, which predominantly use
the rTCA cycle, are described as anaerobic or microaerophilic
sulfur oxidizers, whereas members of the second group use
the CBB cycle and are able to grow at higher O2 concentration
(Nakagawa and Takai, 2008). Additionally, many caridean
shrimps and other decapods actively ventilate their egg mass
by moving the pleopods frequently and quickly, with the
frequency of this ventilation behavior increasing as the embryos
mature (Fernández et al., 2002; Reinsel et al., 2014). A faster
ventilation on late stage broods of R. exoculata could therefore
result in a boost of oxygen supply to both egg and pleopod
surfaces, promoting the growth of Gammaproteobacteria at
the expense of Epsilonbacteraeota. Zetaproteobacteria are iron
oxidizers that also use the CBB cycle (Field et al., 2014; Jan
et al., 2014). However, they do not show significant abundance

increase in response to increased mother ventilation with
brood development. The increased oxygen supply could favor
abiotic iron oxidation rather than bacterial metabolism, thus
counterbalancing Zetaproteobacteria growth which remains
approximately stable during egg development.

With microscopy, finer-scale observations revealed another
level of variation when different eggs from the same brood were
compared. As highlighted by FISH results (Figure 7), late stage
eggs from the outer part of the brood have more mineral deposits
and are colonized by more bacteria than late stage eggs from
the inner part of the brood, for which bacterial coverage on
the envelope is almost non-existent. Arguably, bacterial coverage
on the egg envelope seems to be driven by both the position
of the egg within the brood and the egg developmental stage,
which ultimately reflects the degree of exposure of an egg to
vent fluids. Therefore, not all eggs of R. exoculata are found
to have a close association with bacterial assemblages on their
envelope. Bacterial association at this stage of the animal life
cycle should therefore perhaps be considered at the scale of the
mother for the entire brood rather than at an individual scale for
each embryo. The way in which this relationship evolves after
hatching of Rimicaris larvae cannot be clarified with currently
available data.

Bacterial Assemblages of Rimicaris

exoculata Eggs Are Influenced by Vent
Fluid Chemistry
A sharp contrast between the bacterial communities in TAG
and Snake Pit vent sites also underlines the importance of
environmental influences on these assemblages. Geographical
isolation has been proposed in some studies to explain the
existence of distinct bacterial communities between different
vent sites (Huber et al., 2010; Akerman et al., 2013). It is more
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likely, however, that variations in vent fluid chemistry could
explain the differences between TAG and Snake Pit assemblages.
Indeed, with the exception of Mycoplasmatales, an order found
only in TAG samples, or some Cand. Campbellbacteria OTUs
present only at Snake Pit (Supplementary Figure S2), every
other OTU was shared between communities from both vent
sites, invalidating the hypothesis of a geographical exclusion. In
addition the absence of these two groups in either TAG or Snake
Pit samples could also be related to an insufficient sequencing
depth since they were present in low abundance in our dataset.

A striking case supporting the major influence of vent fluid
chemistry is that of Zetaproteobacteria, a group of iron-oxidizing
bacteria that were significantly more abundant in TAG than in
Snake Pit samples, both on egg and pleopod surfaces. Vent fluids
from TAG are described as having much higher concentrations
of Fe, Cu, and Mn than Snake Pit, which are richer in Cd and
Pb (Jean-Baptiste et al., 1991; Tivey et al., 1995; Fouquet et al.,
2010). Thus, a higher relative abundance of Zetaproteobacteria on
both surfaces at TAG could result from a higher concentration of
the energy source that fuels their metabolism. This is mirrored
by observations made by Guri et al. (2012) on egg broods
from Logatchev. In this vent site, fluids are enriched in CH4

compared with TAG and Snake Pit, where CH4 concentrations
are very low (Charlou et al., 2002; Fouquet et al., 2010).
Whereas no sequences of methanotrophic Gammaproteobacteria
were found in our samples, a high number of sequences of
this particular group were retrieved from clone libraries from
Logatchev egg broods. Similar variations according to vent fluid
composition were also described for symbiont communities
within the cephalothorax of adult R. exoculata (Guri et al., 2012;
Jan et al., 2014) and are not uncommon even in endosymbiotic
communities of other vent species. Bathymodiolin species of the
MAR, for example, show high flexibility in their relationship
with two Gammaproteobacteria partners with distinct metabolic
capacities. Variations in relative abundance of methane or
sulfur-oxidizing symbionts were observed according to the
fluid chemistry of their vent site of origin, but also according
to the availability of these chemical substrates when mussels
were incubated experimentally in pressure vessels (Duperron
et al., 2006; Szafranski et al., 2015b). Such cases emphasize the
important effect of vent fluid chemistry on the diversity observed
in bacterial assemblages from specific vent sites.

Positive interactions between two or more of the bacterial
partners could also explain the difference in relative abundance
between TAG and Snake Pit communities in some lineages that
are apparently not favored by local geochemistry. In such cases,
if one of the partners is found to be more abundant in response
to favorable vent fluid composition, the other partner could also
be more abundant but not as a direct impact of the vent fluid
chemistry. Such an interaction was previously observed between
Epsilonbacteraeota and Bacteroidetes (Stokke et al., 2015), and
could explain the higher abundance of some Bacteroidetes
lineages in Snake Pit samples compared with those from TAG.
Additional samples of brooding females and comparison of egg
and pleopod assemblages from other vent sites with a greater
difference in fluid composition, such as the ultramafic vent sites
of Rainbow or Logatchev, would provide more evidence on the

relative influence of vent fluid and body surface factors on the
microbial community composition.

Is There a Specific Bacterial Assemblage
Associated With Rimicaris exoculata

Egg Broods?
Despite of the importance of vent fluid chemistry, bacterial
assemblages developing on eggs and pleopods were significantly
different whatever their vent site of origin or developmental
stage. Surprisingly, although they have been reported as the
dominant symbionts within the R. exoculata cephalothorax
in many studies (Petersen et al., 2010; Hügler et al., 2011;
Guri et al., 2012), establishment of Epsilonbacteraeota from the
Sulfurovaceae family was not as favored on egg envelopes as it
was on pleopods. On the other hand, other families from this
phylum, namely theArcobacteraceae and theCampylobacteraceae
had higher abundances on egg envelopes. Likewise, Thiotricaceae
from the Gammaproteobacteria phylum, another important
group retrieved within the cephalothorax, was not specifically
associated with egg broods, being as abundant on their
surfaces as on pleopods.

By contrast and despite their higher abundance in TAG
bacterial assemblages, Zetaproteobacteria were always relatively
more abundant on egg broods than on pleopod surfaces.
Zetaproteobacteria have already been reported in close
association with R. exoculata but never in such high relative
abundance (Jan et al., 2014). They are often described as
ecosystem engineers due to their capacity to shape the local
environment by producing iron oxyhydroxide sheaths and stalks
(Chan et al., 2011; Fleming et al., 2013; Scott et al., 2015). These
structures provide architecture for the mats, which can alter
local geochemistry, enhancing microbial diversity. For example,
Zetaproteobacteria-dominated mats showed significantly higher
diversity, both in terms of OTU numbers and evenness, than
other bacterial mats (Hager et al., 2017). A significantly higher
evenness of egg surfaces compared to pleopods could also result
from the higher abundance of Zetaproteobacteria observed
in our egg brood samples. All these results indicated a clear
difference between egg and pleopod bacterial communities,
supporting the existence of a specific brood microbial assemblage
that differs from a simple opportunistic colonization on the
egg surface but also from the symbiotic community within the
adult cephalothorax.

This divergence between egg and pleopod microbial
communities could be linked to distinct physical properties
such as surface energy, hydrophobicity, and roughness between
the hard exoskeleton cuticle of pleopods and the soft envelope
of R. exoculata eggs. These factors have indeed been observed
in laboratory experiments as playing an important role in
determining which microorganisms could successfully attach to
a specific substrate (Cooksey and Wigglesworth-Cooksey, 1995).
Nonetheless, several studies with colonization devices conducted
on deep sea ecosystems, noted little impact of substrate type on
the microbial community composition compared with other
environmental factors (Bellou et al., 2012; Lee et al., 2014;
Szafranski et al., 2015a). Other characteristics of R. exoculata eggs
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could therefore offer another explanation for this divergence
between bacterial assemblages of different host surfaces. As stated
in a previous study (Guri et al., 2012), our SEM observations
confirmed the presence of a mucus-like material surrounding the
eggs at every developmental stage (Figure 2G). This mucus coat
seems to allow bacteria to attach since in areas where this mucus
coat was lacerated bacteria were absent. Several studies have
shown the importance of mucus for inter-partner recognition
and for microorganism selection by many symbiotic metazoan
hosts (Nyholm and McFall-Ngai, 2004; Nussbaumer et al., 2006;
Bright and Bulgheresi, 2010). This selection usually implies
tight chemical communication involving many molecules
produced by the host, such as surface sugars, sugar-binding
proteins or antimicrobial peptides (AMPs), all of which are
important components of host mucus matrices (Bright and
Bulgheresi, 2010; Rosa and Barracco, 2010). Such chemical
communication molecules, the luxS and luxR genes, were already
reported for Epsilonbacteraeota and Gammaproteobacteria
symbionts of R. exoculata and are likely to be involved in the
regulation of the symbiont population (Le Bloa et al., 2017). We
hypothesize that similar mechanisms exist in R. exoculata during
embryonic development and that a differential and regulated
positive selection between host surfaces could explain differences
observed between egg and pleopod bacterial communities. Future
investigations on potential mechanisms, such as production and
localization of potential AMPs within the brood or other aspects
of shrimp maternal immunity are needed to understand these
processes of selection more clearly.

Perspectives on Roles and Acquisition of
Bacteria Through the Rimicaris Life
Cycle: What Gets Colonized First, the
Egg or the Shrimp?
Our results provide first insights about bacterial colonization on
different body surfaces of R. exoculata, which might be a host-
controlled process. If such a selection exists, there must be an
associated cost for the animal, counterbalanced by a potential role
enhancing its fitness. The production of a cocktail of molecules
by the mother or developing eggs to select specific bacteria could
be one of these processes, and maternal behavioral responses,
such as increased ventilation along egg development could be
another. For adult shrimps, a nutritional role is now established
for the symbiosis within the cephalothorax, which harbors
bacterial lineages similar to those found in our work (Ponsard
et al., 2013). However, absence of direct association for some eggs
within the brood – those of the inner area – and high abundance
of lipid reserves maintained even after hatching in Rimicaris
larvae (Hernández-Ávila et al., 2015) suggest that a similar role
is quite unlikely for eggs. If bacterial assemblages on the surface
of eggs have a role for their host, it is certainly different from that
observed in the cephalothorax of adults. As R. exoculata brooding
females are found in dense aggregates close to hydrothermal
emissions, bacterial assemblages could potentially offer
protection against toxic compounds. This hypothesis has already
been proposed for adults (Jan et al., 2014), and is supported in
our results by the increased bacterial coverage observed on eggs

more exposed to hydrothermal fluids and by a high sensitivity
of egg brood bacterial assemblages to vent fluid composition.
Protection against potential pathogens could be another role.
Such anti-pathogen protection was suggested for epibiotic
bacteria associated with Homarus americanus or Palaemon
macrodactylus embryos, which produce substances inhibiting
growth of pathogenic fungi (Gil-Turnes et al., 1989; Gil-Turnes
and Fenical, 1992). Bacterial partners producing potent toxins
protecting their hosts are also often described on egg surfaces
of several species of terrestrial arthropods. These bacteria play
an antipredator role for their insect hosts, as demonstrated
by laboratory induced aposymbiotic eggs, which appear to
experience more fungal infestation or more predation from
spiders than eggs with bacterial symbionts (Kellner and Dettner,
1996; Flórez et al., 2017). All these examples stress the protective
role of symbiosis in early life stages of arthropods and suggest
that similar processes could be taking place in R. exoculata.

Epsilonbacteraeota, Gammaproteobacteria, and
Zetaproteobacteria symbiont-related lineages appear able
to colonize different surfaces of their host, such as eggs,
pleopods (this study) or antennae (Zbinden et al., 2018). This
observation resembles the case of Kiwa puravida yeti crabs
from cold seeps, which have bacterial coverage on several
body parts with closely related lineages (Goffredi et al., 2014).
This capacity to settle quickly on different types of surfaces
shows a strong ability for colonization in deep sea vent for
these groups especially for Epsilonbacteraeota for which a
highly conserved quorum sensing machinery enabling biofilm
formation has been retrieved in every lineages (Pérez-Rodriguez
et al., 2015). This machinery, in addition to LuxR genes for the
Gammaproteobacteria, has furthermore been found in Rimicaris
exoculata cephalothorax epibionts lineages (Le Bloa et al., 2017).
Occurrence of Epsilonbacteraeota, Gammaproteobacteria and
Zetaproteobacteria symbiont-related lineages in vent fluids
and microbial mats of vent sites where R. exoculata also lives
(Petersen et al., 2010; Scott et al., 2015) supports the hypothesis
of a horizontal transmission mode for these three groups. More
information on larval life of R. exoculata is needed to assess
whether these bacterial lineages maintain a continuous presence
or not throughout their host’s life cycle. Intriguingly, a symbiont-
related lineage of Entomoplasmatales was the sole bacterial group
present on egg samples alone. Despite their very low abundance,
our metabarcoding results provide a second report of this group
on the eggs of R. exoculata with a different sequencing technique:
Illumina MiSeq versus 454 Pyrosequencing used in Cowart et al.
(2017). Considering technical limitations for detecting bacteria
occurring at very low abundance with standard FISH, and the
absence of a specific probe for this group, our observations
failed to localize them precisely. Potential locations could be the
egg surface, as for Gammaproteobacteria or Epsilonbacteraeota,
inside eggs and directly associated with the embryos, or only
in the mucus matrix. However, Entomoplasmatales-related
sequences were not detected in any of our egg brood samples,
which could be related to insufficient sequencing depth.
Occasional contamination of this group on mucus embedded
eggs by maternal anal excretion cannot be eliminated, whether or
not this corresponds to a true transmission pathway for Rimicaris
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shrimps. Whereas the presence of Entomoplasmatales on eggs is
not completely confirmed by our work, we do not exclude the
possibility of a vertical transmission for this group, especially
since Entomoplasmatales have never been retrieved from the
surrounding environment. This might occur during embryonic
development by release of bacteria from the gut of the mother in
the mucus coat during or after oviposition, by infection of ovaries
during vitellogenesis as proposed by Durand et al. (2015), or later
on by trophallaxis between juveniles and adults (Durand et al.,
2015). To improve understanding of symbiont acquisition during
the life cycle of R. exoculata, targeted FISH experiments with
specific Entomoplasmatales probes are now needed to precisely
locate them, first in the adult digestive system and then in
other life stages. More investigations on the internal anatomy
of Rimicaris larvae could also help to determine the possible
existence of a hosting organ for this group at this life stage.
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FIGURE S1 | X-Ray Spectrophotometric analysis (EDX) showing SEM analyzed

areas of mineral crusts or mineral deposits for each sample with the

corresponding spectrum. For some samples, bare surface areas clear of minerals

were also analyzed as control. Analyzed were performed on (A,B) late stage eggs,

(C) late stage pleopods, (D) mid stage eggs, (E) and mid stage pleopods.

FIGURE S2 | Venn diagrams representing the numbers of shared OTUs across all

samples. Affiliations of taxa representative of a body structure, vent field, or

developmental stage are indicated.

FIGURE S3 | Alpha diversity measures of OTU number (Richness) and Inverse

Simpson index (Evenness) compared (A) between eggs and pleopods, (B)

between TAG and Snake Pit egg samples, (C) between TAG and Snake Pit

pleopod samples, (D) between developmental stages of egg samples, and (E)

between developmental stages of the corresponding eggs for pleopod samples.
∗ mean that significant differences were statistically supported.

FIGURE S4 | Mean relative abundances per categories of 16S rRNA gene

sequence reads according to their classification (Silva 132 database). Groups are

at the family level for the Epsilonbacteraeota phylum and at the class level

for other phyla.

FIGURE S5 | Ranked LDA scores of the differentially abundant bacterial taxa, with

taxa with highest relative abundance at TAG in orange, and taxa with highest

relative abundance at Snake Pit in blue for bacterial communities covering (A)

eggs and (B) pleopods of ovigerous R. exoculata.

FIGURE S6 | Ranked LDA scores of the differentially abundant bacterial taxa, with

taxa with highest relative abundance at early stage in yellow, at mid stage in brown

and at late stage in purple for bacterial communities covering (A) eggs and (B)

pleopods of ovigerous R. exoculata.

FIGURE S7 | Additional FISH observations of Rimicaris exoculata eggs.

Observations were performed on semi-thin sections (2 µm) stained with DAPI

(blue) (A) Early stage egg hybridized with Eub338-Cy5 and (B) Late stage egg

co-hybridized with Eub338-Cy5 and Gam42a-Cy5. Colors, Green (Eubacteria),

Red (Gammaproteobacteria), and Yellow (Co-hybridized probes).

TABLE S1 | List of samples used in this study.

TABLE S2 | List of FISH probes used in this study.

TABLE S3 | PERMANOVA analysis.
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FIGURE S1 | X-Ray Spectrophotometric analysis (EDX) showing SEM analyzed areas of mineral crusts 

or mineral deposits for each sample with the corresponding spectrum. For some samples, bare surface 

areas clear of minerals were also analyzed as control. Analyzed were performed on (A,B) late stage 



eggs, (C) late stage pleopods, (D) mid stage eggs, (E) and mid stage pleopods. Article Egg Symbiosis 

Supplementary materials 

 

FIGURE S2 | Venn diagrams representing the numbers of shared OTUs across all samples. Affiliations 

of taxa representative of a body structure, vent field, or developmental stage are indicated. 



 

FIGURE S3 | Alpha diversity measures of OTU number (Richness) and Inverse Simpson index (Evenness) 

compared (A) between eggs and pleopods, (B) between TAG and Snake Pit egg samples, (C) between 

TAG and Snake Pit pleopod samples, (D) between developmental stages of egg samples, 

and (E) between developmental stages of the corresponding eggs for pleopod samples. ∗ mean that 

significant differences were statistically supported. 



 

FIGURE S4 | Mean relative abundances per categories of 16S rRNA gene sequence reads according to 

their classification (Silva 132 database). Groups are at the family level for  Epsilonbacteraeota phylum 

and at the class level for other phyla. 

 

 

 



FIGURE S5 | Ranked LDA scores of the differentially abundant bacterial taxa, with taxa with highest 

relative abundance at TAG in orange, and taxa with highest relative abundance at Snake Pit in blue for 

bacterial communities covering (A) eggs and (B) pleopods of ovigerous R. exoculata. 

 

 

 

 

 

 

 

 

 



FIGURE S6 | Ranked LDA scores of the differentially abundant bacterial taxa, with taxa with highest 

relative abundance at early stage in yellow, at mid stage in brown and at late stage in purple for 

bacterial communities covering (A) eggs and (B) pleopods of ovigerous R. exoculata. 

 

 

 

FIGURE S7 | Additional FISH observations of Rimicaris exoculata eggs. Observations were performed 

on semi-thin sections (2 μm) stained with DAPI (blue) (A) Early stage egg hybridized with Eub338-Cy5 

and (B) Late stage egg co-hybridized with Eub338-Cy5 and Gam42a-Cy5. Colors, Green (Eubacteria), 

Red (Gammaproteobacteria), and Yellow (Co-hybridized probes). 
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1.2 ADDITIONNAL RESULTS 

1.2 Additionnal results 

In addition to the 16S barcoding results from egg broods and pleopods of R. exoculata, one 

brood and one pleopod of a R. chacei female were sequenced as well. Interrestingly, egg brood and 

pleopod bacterial communities of R. chacei from TAG were different from those of R. exoculata 

clustering together with all the egg broods of R. exoculata from Snake Pit (Fig 52.).  This specifity could 

be related to the environmental conditions along the brood if R. exoculata and R. chacei occupied 

different environmental niches – even if, this R. chacei female were collected together with two of the 

sequenced R. exoculata, since they are very motile.  Another non-excluding hypothesis would be a 

difference related to the differences in the immunity of the two species. In any cases, with only one R. 

chacei female, nothing can be concluded from these results (Fig 52.). More discussion on part 7. 

 Internal anatomy of R. exoculata hatched larva from late broods was also investigated with 

serial sectionning and Eosine-Hematoxylin staining. Lipid reserves are still important in these life 

stages. Oesophagus could be identified in saggital and frontal view. Although, it appear to end, not too 

far after its opening with no clear link with a stomach (All sections between the slides 19 and 24 in 

saggital view were observed to follow the digestive system (Fig 53.)). A stomach could have been 

identified close to lipid reserves, although it might be something completely different (Fig 53.). If a 

stomach was indeed present, in remain in development, with among other no link with the posterior 

or anterior part of the digestive system (Fig 53.). A small part of digestive tube was also observed as 

well, but again, end up in a dead end according to our observations (Fig 53.). Eyes were well 

developped and easy to observe in these larvae. The existence of a developed central nervous system 

is also supposed in these observations (Fig 53.). 
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1.2 ADDITIONNAL RESULTS 

 

Fig 53. Relative abundances of 16S rRNA gene sequence reads from egg and pleopod samples of R. 

exoculata at different developmental stage and one R. chacei according to their classification (Silva 
132 database). Groups are at the family level for the Epsilonbacteraeota phylum and at the class level 
for other phyla. The cluster dendrogram depicts the average linkage hierarchical clustering based on a 
Bray-Curtis dissimilarity matrix of community compositions resolved down to OTU level. 
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Fig 54. Haematoxylin & Eosin stained section – 2 µm thick – of R. exoculata hatched larva, from broods 
hatched on board. Serial sectionning of two individuals in frontal view (A-D) and sagittal view (E-F) with 
10 sections per slide; no more than 1 to 2 sections were lost between each section. A. Slide 24. B. Slide 
7. C. Slide 29. D. Slide 34. E. Slide 19. F. Slide 24. Ab:  abdomen; cn: central nervous system; es: 

stomach; le: legs; li: lipid reserves; mu: muscles; oe: oesophagus; td: digestive tube. 
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The aim of this study was to continue the work on early life stages started in Chapter 1 with a 

focus on the juvenile stages. Previous work from the thesis of Ivan Hernández-Ávila have suggested 

the existence of misendifications in the current taxonomy of alvinocaridid juveniles between R. chacei 

and R. exoculata (Hernández-Ávila, 2016). The main goal of this work was then to properly reassess 

the taxonomic identifications of Rimicaris exoculata and Rimicaris chacei juvenile stages with a coupled 

approach combining detailed morphological identifications and barcoding for each individual. The 

second purpose of this work was to revisit the trophic shifts occurring along R. exoculata 

metamorphosis according to our taxonomic reexamination and assess if such shifts also occurs for R. 

chacei. This work also proposes new hypotheses concerning the larval and recruitment histories in the 

life cycle of these species that will be further explored in the next chapter.  
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2.1 Trophic shifts and distinct larval histories between two 

co-occurring Rimicaris species from the Mid-Atlantic Ridge 
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Abstract 

Among hydrothermal vent species, Rimicaris exoculata is one of the most emblematic, hosting 

a well-developed ectosymbiosis. Living in dense aggregates, they co-occur with the less abundant 

Rimicaris chacei in the Mid Atlantic Ridge. Previous work have described a trophic shift along the R. 

exoculata lifecycle from a photosynthetic-derived based nutrition in juveniles to a chemosymbiotic 

feeding mode in adults. However, recent observations have suggested potential taxonomic 

misidentifications of R. exoculata earlier juveniles that could correspond to R. chacei juveniles. Our 

work confirms this misidentification and proposes a reassessment of the current taxonomy of these 

species. It also confirms the trophic shift between adults and juveniles for both R. exoculata and R. 

chacei. Nonetheless, it revealed distinct larval/recruitment histories that would have been interpreted 

as ontogenetic variations without our taxonomic reexamination. Interestingly, our nitrogen isotopic 

values of R. exoculata, in the light of their symbiont metagenomes, led us to propose an unusual 

interpretation that should be considered more often in studies dealing with stable isotopes in 

chemosynthetic ecosystems. Our results provide here a good illustration of the taxonomic issues 

persisting in deep-sea ecosystems and the importance of taxonomy to provide an accurate view of 

fundamental aspects of the biology/ecology of species inhabiting these environments. 

 

2.1.1 Introduction 

Most of the deep Ocean – defined as all marine waters below 200 m depth – remains 

unexplored, and certainly contains the biggest reservoir of undescribed species of our planet. While it 

was initially considered unsuitable for life (Forbes, 1843), existence of several biological hotspots 

biodiversity such as hydrothermal vents, cold seeps, canyons and seamount ecosystems is now 

established (Ramirez-Llodra et al., 2010). Without endogenous photosynthesis, their high productivity 
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is supported by other mechanisms, like chemosynthesis, or through physical processes enhancing 

transport and deposition of particles sinking from the surface. In hydrothermal vents, it is mainly the 

chemical disequilibria generated by the mixing of cold oxygenated seawater and hot reduced fluid 

emissions that sustain a wide range of chemosynthetic microorganisms that in turn support food webs 

(Sievert and Vetriani, 2012). Impact of photosynthesis-derived sunken organic matter is therefore 

usually considered a minor subsidy in deep vent fields.  

However, insufficient sampling in these remote places often fails to capture the full range of 

spatial and temporal biological variability, even for the most well-known species (Vrijenhoek, 2009). 

Often disregarded, developmental plasticity in response to a variable environmental context can have 

major influence on some organisms’ morphology. This has led to many taxonomic controversies. For 
example, in the northeast Pacific vent fields, short fat or long skinny morphotypes of Ridgeia piscesae 

tubeworms were first attributed to discrete co-occurring species and only the advances of molecular 

biology have allowed to recognize these two morphotypes as the same species (Southward et al., 1995; 

Tunnicliffe et al., 2014; Vrijenhoek, 2009).   

Ontogenic morphological variability is also a great source of taxonomical biases. Small 

orange/reddish alvinocaridid shrimps found in hydrothermal vents close to dense swarms of Rimicaris 

exoculata (Williams and Rona, 1986) are one of the most emblematic example of such variations 

between life stages. Simultaneously described as Iorania concordia and R. aurantiaca by two 

concomitant studies (Martin et al., 1997; Vereshchaka, 1996), confusion about their taxonomic status 

was dispelled by molecular investigations of these specimens (Shank et al., 1998b). These shrimps were 

revealed to be, in fact juvenile stages of R. exoculata, which was further supported by the absence of 

sexually mature individuals in these small orange morphotypes (Shank et al., 1998b). These juveniles 

were latter described by Komai and Segonzac (Komai and Segonzac, 2008) as four distinct stages 

corresponding to the different ontogenic transitions of R. exoculata, from smaller stage A juveniles to 

stage D subadults, morphologically similar to adult individuals but not yet sexually mature.  

Beyond the taxonomic field, this redescription of R. exoculata life stages had a drastic impact 

on the understanding of life history and trophic ecology of this species. In hydrothermal vent 

ecosystems, food web structure and trophic interactions have often been inferred based on stable 

isotope markers. Different stable isotope ratios can provide complementary ecological information. 

For example, the large difference in sulfur isotopic ratios (δ34S) that exists between seawater sulfate 

and vent fluid sulfides has been used to discriminate organic matter of photosynthetic (approximately 

16 ‰ to 21 ‰) and chemosynthetic origin (-9 ‰ to 10 ‰) (Fry et al., 1983; Reid et al., 2013). On the 

other hand, differences in carbon isotopic ratios (δ13C) are attributed to carbon sources fixed through 

the reductive tricarboxylic acid (rTCA) cycle (2 ‰ to -14 ‰) or the Calvin-Benson-Bassham (CBB) cycle 

(-22 ‰ to -30 ‰) (Hügler and Sievert, 2011). Additionally, nitrogen isotopic ratios (δ15N) are generally 

used to infer the trophic position of a species within the food web (Minagawa and Wada, 1984).  

R. exoculata adults depend on the dense chemosynthetic episymbiotic communities hosted in 

their enlarged cephalothorax cavity for their nutrition (Guri et al., 2012; Jan et al., 2014; Petersen et 

al., 2010). Despite unusually high δ15N values for an animal feeding directly on chemosynthetic 

bacteria, δ13C composition of R. exoculata adults is congruent with a nutrition mainly based on primary 

producers using the rTCA carbon fixation pathway (Gebruk et al., 2000; Rieley et al., 1999; Van Dover 
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et al., 1988). Moreover, a clear trophic link was assessed between the host and its symbionts (Rieley 

et al., 1999) with a direct nutritional transfer of light organic carbon compounds (Ponsard et al., 2013). 

On the other hand, several evidences from lipid and isotope compositions have suggested a 

photosynthetic origin diet in the small orange shrimps (Gebruk et al., 2000; Pond et al., 2000). Thus, 

rather than two species with distinct feeding habits, this redescription has highlighted an ontogenic 

trophic shift from a photosynthesis-based nutrition outside the vent field to a feeding mode dependent 

on chemosynthetic symbionts. This argues for the hypothesis of a long larval dispersion of R. exoculata, 

involving feeding in the water column at some point of their development, before they settle as 

juveniles to an hydrothermal vent field and transition to a chemosynthetic feeding mode (Dixon et al., 

1998a).  

Recently, small alvinocaridid juveniles living in dense patchy aggregations were collected close 

to diffuse emissions arising from cracks at the TAG vent field (Hernández-Ávila, 2016). These juveniles 

were harboring red/orange lipid storages and were alike R. exoculata stage A juveniles in terms of size 

and global morphology. Surprisingly, through genetic identification, all these specimens were clearly 

affiliated to R. chacei, a co-occurring species (Segonzac et al., 1993; Williams and Rona, 1986). This 

suggested that the earliest stage of R. exoculata juveniles could have been misidentified and 

confounded with juveniles of R. chacei, but detailed morphological information was lacking to confirm 

this assumption.  

Trophic ecology of R. chacei is an interesting case among alvinocaridids as it is hypothesized as 

having a mixotrophic diet, halfway through symbiotrophy and bacterivore/scavenger feeding 

(Apremont et al., 2018; Segonzac et al., 1993). This feeding behavior is supported by both anatomical 

characteristics and examination of their symbiotic communities, closely related to those found with R. 

exoculata, but less developed. Moreover, this mixotrophy could be the result of a competition for 

space with R. exoculata that would maintain R. chacei at a distance from the vent fluids, essential to 

fuel their symbionts (Apremont et al., 2018). Still, a better understanding of how symbiosis and trophic 

behavior of this species evolve between juveniles and adults in comparison to R. exoculata is required 

to test this hypothesis. 

Here, we aimed 1) to clarify, through coupled morphological analyses and DNA barcoding, the 

taxonomical status of small alvinocaridid juveniles collected from nursery habitats; 2) to compare, 

using stable isotopes, ontogenic trophic shifts and feeding habits of R. exoculata and R. chacei; and 3) 

to understand how these results influence our current knowledge of these two species’ life cycles, 
which ultimately conditions their role in hydrothermal ecosystems. 

 

2.1.2 Materials and Methods 

2.1.2.1 Sample Collection 

Alvinocaridid shrimps were collected from the Snake Pit (23°22’N; 44°57’W, 3460 m depth) 
and TAG (26°08’ N; 44°49.5’ W, 3630 m depth) vent fields on the Mid-Atlantic Ridge (MAR) using a 

suction sampler manipulated by the Human Operated Vehicle (HOV) Nautile. Carapace length (CL) of 

each individual was measured with Vernier calipers from the posterior margin of the ocular shield (or 
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eye socket) to the mid-point of the posterior margin of the carapace, with an estimated precision of 

0.1 mm. Small alvinocaridid juveniles collected from nurseries or R. exoculata dense aggregates during 

the HERMINE cruise (March 16 – April 27 2017) were stored in 80 % ethanol for later detailed 

morphological analysis and individual barcode (Table S1.).  

Rimicaris shrimps of both species and at all life stages were collected during the BICOSE 2 

cruise (January 206-March 10 2018). This second collection was used to assess onset of sexual 

differenciation (OSD) in R. chacei, on formalin fixed individuals, and to perform isotopic analyses using 

-80°C frozen tissues (Table S1.). 

2.1.2.2 Morphological Analysis 

Juvenile specimens were examined in details under a stereomicroscope (Leica MS80) to assess 

their individual stage and/or species according to morphological descriptions of stage A juveniles of R. 

exoculata and juveniles of R. chacei (Komai and Segonzac, 2008), (Fig S1.). Since doubt has been raised 

by earlier sequencing on the species identity of the former (Komai and Segonzac, 2008)  here we first 

ascribe specimens to two morphological types without species or stage reference. These morphotypes 

are expected to be distinct on each of 5 morphological characters (Fig 54. and S1.) selected from 

published taxonomical description (Komai and Segonzac, 2008):  

- Morphotype 1 has a dorsally triangular produced rostrum, pterygostomial angle of the 

carapace straight or very slightly produced, no or small and partially obscured distolateral 

tooth on the first segment of the antennular peduncle, spiniform setae on the posterior 

margin of the telson, and meri of second and third pereopods armed with spines. 

- Morphotype 2 has a rounded and only slightly produced rostrum, pterygostomial angle of 

the carapace produced anteriorly, a conspicuous distolateral tooth on the first segment of 

the antennular peduncle, plumose setae on the posterior margin of the telson and meri of 

second and third pereopods unarmed.  

2.1.2.3 Genetic Identifications 

Juveniles selected from the 2017 collection, and representing all morphological types 

identified, were individually characterized genetically (Table S1). DNA was extracted from pieces of 

telson or muscle with the DNeasy Blood & Tissue kit (Quiagen) following manufacturer’s instructions. 
To avoid amplification of potential mitochondrial pseudogenes, new primers Cari-COI-1F (5’-
GCAGTCTRGYGTCTTAATTTCCAC-3’) and Cari-COI-1R (5’-GCTTCTTTTTTACC RGATTCTTGTC-3’) were 
designed based on an alignment of the mitochondrial genome of six alvinocaridid species (Hernández-

Ávila/Pradillon in prep). These primers amplified a 891 bp fragment in the 5’ region of the COI gene, 

including the section amplified by the universal LCOI1490 and HCOI2198 primers (Folmer et al., 1994). 

Amplicons were sequenced (Sanger) on both strands (Macrogen). To confirm taxonomical assignation, 

each individual sequence was blasted against the NCBI database. The haplotype network was obtained 

and edited with PopART(Leigh and Bryant, 2015) with a Median Joining approach (Bandelt et al., 1999) 

using  R. exoculata (KP759507.1, HM125956.1), R. chacei (KC840930.1, KT210445.1) and M. fortunata 

(KP759434.1, KT210455.1) as reference sequences.   
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2.1 TROPHIC SHIFTS AND DISTINCT LARVAL HISTORIES BETWEEN TWO CO-OCCURRING 

RIMICARIS SPECIES FROM THE MID-ATLANTIC RIDGE 

 

Fig 55. Revised juveniles stage of alvinocaridids from the Mid Atlantic ridge. A. Small alvinocaridid 
juvenile from the MAR previously identified as R. exoculata stage A juvenile but reassigned as R. chacei 
stage A juvenile by this work. Scale bar = 2 mm. B. Different juvenile stages of R. exoculata (a) stage A 
juvenile (previously stage B), (b) stage B juvenile (previously stage C), (c) stage C/ subadult (previously 
stage D). Scale bar = 5 mm. C. Different life stages of R. chacei (a) stage A juvenile as the individual on 
Fig 54A., (b) stage B juvenile/ subadult, (c) small adult, (d) compared with an  early stage A juvenile of 
R. exoculata (previously stage B). Scale bar = 10 mm. D. Mirocaris fortunata juvenile that closely 
resemble morphologically to stage A juvenile of R. chacei and that can be found in the same locations. 
Scale bar = 2 mm.                  
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2.1.2.4 Stable Isotopes Analysis 

Abdominal muscle samples were oven-dried to constant mass at 50 °C (> 48 h) before being 

ground into a homogeneous powder using a mortar and pestle. Stable isotope ratio measurements 

were performed via continuous flow - elemental analysis - isotope ratio mass spectrometry (CF-EA-

IRMS) at University of Liège (Belgium), using a vario MICRO cube C-N-S elemental analyser (Elementar 

Analysensysteme GMBH, Hanau, Germany) coupled to an IsoPrime100 isotope ratio mass 

spectrometer (Isoprime, Cheadle, United Kingdom). Isotopic ratios were expressed using the 

widespread δ notation (Coplen, 2011), in ‰ and relative to the international references Vienna Pee 
Dee Belemnite (for carbon), Atmospheric Air (for nitrogen) and Vienna Canyon Diablo Troilite (for 

sulfur). Sucrose (IAEA-C-6; δ13C = -10.8 ± 0.5 ‰; mean ± SD), ammonium sulphate (IAEA-N-1; δ15N = 

0.4 ± 0.2 ‰; mean ± SD) and silver sulfide (IAEA-S-1; δ34S = -0.3 ‰) were used as primary analytical 
standards. Sulfanilic acid (Sigma-Aldrich; δ13C = -25.6 ± 0.4 ‰; δ15N = -0.13 ± 0.4 ‰; δ34S = 5.9 ± 0.5 ‰; 
means ± SD) was used as secondary analytical standard. Standard deviations on multi-batch replicate 

measurements of secondary and internal laboratory standards (seabass muscle) analysed interspersed 

with samples (one replicate of each standard every 15 analyses) were 0.2 ‰ for δ13C, 0.3 ‰ for δ15N 

and 0.4 ‰ for δ34S.                                                                                                                                                                                      

2.1.2.5 Statistical analysis and data processing 

All analyses were performed in the R 3.5.1 statistical environment (R Core Team 2015). 

Alvinocaridid shrimps were clustered according to species, life stage and vent field origin (Table S1.). 

Visual examination of our dataset and Shapiro-Wilk normality tests revealed that none of the three 

isotopic ratio (δ13C, δ15N and δ34S) followed a Gaussian distribution. Therefore, non-parametric tests 

were used for intergroup comparison (Wilcoxon test when two groups were compared, Kruskal-Wallis 

test followed by post-hoc pairwise Wilcoxon test when three or four groups were compared) (Table 

S2.). Ecological niches were explored using the SIBER (Stable Isotope Bayesian Ellipses in R) version 

2.1.4 package (Jackson et al., 2011). Two separate sets of standard ellipses were constructed: one using 

δ13C and δ15N data and another using δ13C and δ34S data.  

 

2.1.3 Results 

2.1.3.1 Taxonomic identification  

According to the literature, two very similar but distinct morphotypes of small alvinocaridid 

juveniles coexist in the MAR (Komai and Segonzac, 2008). These two morphotypes can be distinguished 

on the base of 4 characters as the stage A juvenile of R. exoculata (morphotype 1 in this article) and 

the juvenile stage of R. chacei (morphotype 2 in this article).  

Our reexamination of these morphological characters based on of 202 small alvinocaridid 

juveniles observations from TAG and Snake Pit have revealed the existence of an important number of 

chimeric morphotypes, sharing characters of both morphotypes 1 and 2, whatever the number of 

characters observed (Fig S1.). These observations indicate the existence of undescribed intermediate 

juvenile stages or invalidate at least some characters that would correspond to intraspecific rather 

than interspecific variations. Barcoding of a subsample of 68 individuals revealed that all these 
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morphotypes correspond to R. chacei, as illustrated on haplotype network (Fig 55.). Several haplotypes 

(circle) were shared both by morphotype 1 and 2 confirming their affiliation to the same species. This 

invalidates the previous taxonomic identification of these life stages. The analysis of sexual 

differentiation – i.e. the proportion of individuals with differentiated gonads – shows that it occurs 

early in R. chacei with only one juvenile stage and an onset of sexual differentiation (OSD) at 5.98 mm 

compared to an OSD at 10 mm for R. exoculata (Fig S2.). These results have led to propose a revised 

taxonomy with two juvenile stages and one subadult stage for R. exoculata, and one juvenile stage and 

one subadult stage for R. chacei (Table 3.). 

 

Fig 56. Haplotypes network obtained with a Median-Joining method in PopART for COI sequences (n = 

62) of the different small alvinocaridid juvenile morphotypes that have been analyzed morphologically 

with additional COI reference sequences of alvinocaridid adults from the MAR (n=6). Sizes of colored 

circles indicate relative allelic frequencies. Tick marks indicate the mutational steps between species. 

In addition to these two morphotypes, a third one, smaller than the others (CL= 3.8 mm), was 

also observed in TAG nursery (Fig 54D.). Whereas some red pigmentation on its cuticle could be 

observed on freshly collected specimens, this juvenile did not possessed the internal red/orange lipid 

storages typically observed in Rimicaris sp. juveniles (Fig 54A. to 54C.). This third morphotype also had 

a carapace with a straight pterygostomial angle and a spine shape under the eye as in Mirocaris 

fortunata. COI sequence of this particular juvenile was identical to a sequence of a M. fortunata adult 

from the NCBI database, confirming this identification (Fig 55.). 

2.1.3.2 Stable isotope ratios of carbon, nitrogen, and sulfur along Rimicaris 

shrimps life stages 

The δ13C data of R. exoculata and R. chacei indicated a general trend of 13C-enrichment in later 

life stages both for TAG and Snake Pit populations (Kruskal-Wallis, p<0.05) (Fig 56A.). Moreover, these 

enrichments in 13C were progressive, with significant differences between almost all successive life 

stages of each species for a given vent field (pairwise Wilcoxon test, p<0.05) (Fig 56A.). Only δ13C values 

between stage A juveniles and stage B juveniles or stage B juveniles and subadults of R. exoculata from 

TAG and between subadults and adults of R. chacei from Snake Pit were not significantly different 

(pairwise Wilcoxon test, p>0.05) (Fig 56A.). 
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Fig 57. Isotopic ratios of R. exoculata and R. chacei from TAG and Snake Pit at different life stages for 
A. Carbon, B. Nitrogen, C. and Sulfur isotopes. 

 Differences could also be observed when similar life stages were compared between species. 

Stage A juveniles of R. exoculata exhibited significantly higher δ13C values than R. chacei stage A 

juveniles both at TAG (R. exoculata: δ13C = -17.8 ± 0.6 ‰; R. chacei: δ13C = -19.0 ± 0.6 ‰; Wilcoxon 

test, p<0.05) and Snake Pit (R. exoculata: δ13C = -17.3 ± 0.3 ‰; R. chacei: δ13C = -18.6 ± 0.8 ‰; Wilcoxon 

test, p<0.05) (Fig 56A.). The same patterns of 13C-enrichment were observed in adults from TAG (R. 
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exoculata: δ13C = -12.5 ± 0.3 ‰; R. chacei: δ13C = -15.7 ± 1.1 ‰; Wilcoxon test, p<0.05) or Snake Pit (R. 

exoculata: δ13C = -11.8 ± 0.4 ‰; R. chacei: δ13C = -15.7 ± 2.1 ‰; Wilcoxon test, p<0.05) (Fig 56A.).  

No significant δ15N variations were found between any subadult and juvenile stages inside a 

species or vent site (Wilcoxon test, p>0.05) (Fig 56B.). Significant 15N-enrichment were only observed 

between adults and earlier life stages for both species (pairwise Wilcoxon test, p<0.05) and between 

stage A juvenile and subadult of R. exoculata from Snake Pit (pairwise Wilcoxon test, p<0.05) (Fig 56B.).  

Adults of R. exoculata and R. chacei from each vent field were strongly depleted in 34S 

compared to their earlier life stages (Kruskal-Wallis, p<0.05) (Fig 56C.). As with δ 13C values, these 

depletions in 34S were progressive, with significant differences between R. exoculata and R. chacei 

successive life stages of each vent field (pairwise Wilcoxon test, p>0.05) (Fig 56C.). Interestingly, inter 

species comparison of δ34S values between similar life stages did not show any significant differences 

at either TAG or Snake Pit, except between R. exoculata and R. chacei adults from TAG (R. exoculata: 

δ34S = 8.5 ± 0.7‰ R. chacei: δ34S = 11.3 ± 1.2 ‰; Wilcoxon test, p<0.05) (Fig 56C.).  

2.1.3.3 Stable isotope ellipses: variation between Rimicaris life stages.  

SIBER analysis revealed that core isotopic niches of R. exoculata juveniles were markedly 

separated from that of adults when looking either at carbon and sulfur ellipses (Fig 57A. and 57B.) or 

carbon and nitrogen ellipses (Fig 57C. and 57D.). Isotopic niche segregation could be seen also to some 

extent between juvenile stages with, in most cases, absolutely no overlap between successive stages 

from the same vent site for carbon and sulfur ellipses (Fig 57A. and 57B.). The only exception was at 

TAG where a very low overlap of 0.02 ‰2 (i.e. 2.6 % of the smaller ellipse area) was found between 

subadults (turquoise, Fig 57A.) and stage B juveniles (light green, Fig 57A.). A similar pattern could be 

observed using carbon and nitrogen ellipses, for which overlap was more frequent but always low (Fig 

57C. and 57D.). At TAG, ellipses of stage A and stage B juveniles were overlapping for less than 0.06 

‰2 (i.e. 7.9 % of smaller ellipse area), and stage B juveniles and subadults ellipses’ overlap was 0.04 
‰2 (i.e., 5.8 % of smaller ellipse area; Fig 57C.). In the same way, at Snake Pit, ellipses of stage A and 

stage B juveniles were overlapping for only 0.05 ‰2 (i.e., 11.6 % of smaller ellipse area), and no overlap 

could be observed between ellipses of stage B juveniles and subadults (Fig 57D.).  

For R. chacei, the same pattern of a clear isotopic niche segregation was observed between 

each life stage, except between subadults and adults at Snake Pit (Fig 57.). The overlap between these 

two life stages was quite low when carbon and sulfur ellipses were examined (0.24 ‰2, i.e. 0.3 % of 

the smaller ellipse area; Fig 57B.) but more important with carbon and nitrogen ellipses (1.97 ‰2, i.e. 

76.2 % of the smaller ellipse area; Fig 57D.).  

Interspecies comparisons of Rimicaris life stages with SIBER analysis revealed a strong isotopic niche 

segregation between species for carbon and sulfur ellipses (Fig 57A. and 57B.). Therefore, no overlap 

could be observed between species at TAG except between R. exoculata and R. chacei stage A 

juveniles with an overlap of 0.02 ‰2 (i.e. 3.1% of the R. exoculata ellipse area) (Fig 57A.). Similarly, 

few overlaps could be observed between species at Snake Pit with an overlap of 0.45 ‰2 (i.e. 41.3 % 

of the R. exoculata ellipse area) between R. chacei subadults and R. exoculata juvenile B and an 

overlap of 0.36 ‰2 (i.e. 39.6 % of the R. exoculata ellipse area) between R. chacei and R. exoculata 

subadults (Fig 57B.). On the other hand, more overlaps were observed for carbon and nitrogen 
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ellipses (Fig 57C. and 57D.). Despite this, no overlap could be observed between the stage A juveniles 

or the adults of the two species both at TAG and Snake Pit. 

 

Fig 58.   Isotopic niches of A. Rimicaris life stages from TAG for carbon and sulfur, B. Rimicaris life stages 

from Snake Pit for carbon and sulfur, C. R. Rimicaris life stages from TAG for carbon and nitrogen, D. 

Rimicaris life stages from Snake Pit for carbon and nitrogen 

 

2.1.4 Discussion 

2.1.4.1 Taxonomic revision of Rimicaris exoculata and Rimicaris chacei 

juveniles 

Our results, coupling detailed morphological analysis and individual barcoding, confirm that 

small alvinocaridid juveniles previously assigned as stage A juveniles of R. exoculata correspond in fact 

to juveniles of R. chacei. We therefore suggest that specimens previously described as R. chacei 

juveniles are in fact a more advanced stage of development of this species: the subadult stage. 

Accordingly, juveniles of R. chacei were classified in this study in two different stages according to two 

characters only – the shape of their pterygostomial angle and the expansion of their rostrum –, their 

size and the presence of lipid reserves. Specimens with a straight pterygostomial angle and a more 

pronounced rostrum were classified as stage A juveniles of R. chacei and specimens with a rounded 

pterygostomial angle and a reduced rostrum as subadults of R. chacei (Fig 54B and Table 3.).  
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Table 3. Revised classification of alvinocaridids juveniles. Figure 1 = Fig 54. 

Taking into account these changes, we propose to rename juvenile stages of R. exoculata 

previously categorized by Komai and Segonzac (Komai and Segonzac, 2008). In this way, stage B 

juveniles of R. exoculata from the previous classification are now corresponding to stage A juveniles of 

R. exoculata and stage C juveniles to stage B of R. exoculata (Fig 54C. and Table 3.). Despite their larger 

size than the juveniles of R. chacei, we still think that the stage A juveniles of R. exoculata are earliest 

life stage of this species encountered in hydrothermal vents, which is supported by their sulfur isotopic 

composition similar to that of the earliest R. chacei juveniles. 

Still, caution about alvinocaridid juveniles from the MAR identification should be exercised for 

futures studies. Indeed, juveniles of M. fortunata (morphotype 3 in this study) were also found at TAG, 

in the same samples, as slightly larger but morphologically very similar to R. chacei juveniles. In freshly 

collected specimens, red/orange lipid storage proved a reliable criterion to discriminate juveniles of 

the two species. However, this coloration of lipids quickly faded after a few weeks of ethanol storage, 

being then misleading. The front part of the carapace, which features a straight pterygostomial angle 

in both cases, but bears a prominent spine below the eye in M. fortunata, could be an additional 

criterion for morphological distinction. For a proper identification, we recommend the use of COI 

barcoding whenever doubt subsists. 

2.1.4.2 Isotopic niches suggest contrasting resource use and ontogenic trophic 

shifts in R. exoculata and R. chacei 

Since animals isotopic composition is partially driven by their habitat use (Flaherty and Ben-

David, 2010; Newsome et al., 2008), analyzing stable isotope ratios of recent immigrants can provide 

a record of their migratory history if the encountered environments exhibit sufficiently distinct isotopic 
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sources (Pizzochero et al., 2017). In hydrothermal vents, the large difference in δ34S existing between 

seawater sulfate and vent fluid sulfides has been used to discriminate organic matter of photosynthetic 

origin (approximately 16 ‰ to 19 ‰) or generated by local chemosynthetic production  (sulfide 
oxidation; -9 ‰ to 10 ‰) (Fry et al., 1983; Reid et al., 2013).  

In our study, most alvinocaridid adults had δ34S values under the 10-‰ threshold, indicating a 

strong reliance on the sulfur oxidizing microbial production. Conversely, almost every earlier stages of 

Rimicaris juveniles showed δ34S values higher than 16 ‰, consistent with a nutrition directly or 
indirectly based on epipelagic photosynthetic production. Previous work on storage lipids of R. 

exoculata juveniles from the MAR already suggested an important influence of photosynthesis-derived 

carbon source on their diet (Pond et al., 2000). These studies were based on typical photosynthetic 

lipid markers – like C20:4n6 or C22:6n3 fatty acids – and δ13C isotopic composition. However, recent 

findings showed that biosynthesis of some of these lipid markers could also be performed by deep-sea 

bacteria (Fang et al., 2006). This bacterial origin was also proposed for the carotenoid pigments – giving 

the red/orange lipids storage color – in R. exoculata (Nègre-Sadargues et al., 2000). Therefore, the 

possibility that these lipid markers could be produced by R. exoculata digestive symbionts – Mollicutes 

and Deferribacteres – whose metabolisms are still unknown (Durand et al., 2010) or by environmental 

bacteria cannot be completely ruled out.  

In any case, the use of sulfur isotopes confirmed the existence of such trophic shift between 

ontogenic stages of R. exoculata and provided additional evidence to support the hypothesis of a 

bathypelagic life outside the vent field before juvenile recruitment. Moreover, ontogenic δ34S 

variations for R. chacei also highlighted a similar trophic shift between photosynthesis-based nutrition 

in juveniles, to mostly thiotrophy in adults. Gradual increase in δ13C, and, to a lesser extent, in δ15N 

from juveniles to adults further strengthen the hypothesis of an ontogenetic nutritional shift. Overall, 

isotopic compositions of intermediate stages (juvenile B and subadults) are compatible with feeding 

on a mixture of both photosynthetic and chemosynthetic sources. This could be caused by the 

progressive accumulation in the growing juveniles of tissue newly synthesized from organic matter of 

hydrothermal origin that progressively take over tissues built from photosynthesis-derived production 

during larval life outside the vent field. Still, without information on the spatial foraging behavior of 

these animals, the hypothesis of a mixed diet maintaining photosynthetic uptake in addition to 

chemosynthesis remains valid, as these shrimp life stages might come and go outside the vent fields 

and feed in contrasted habitats. At TAG, their δ34S values accordingly suggested that their diet might 

not exclusively made of chemosynthetic items. 

Despite these similarities in their trophic shifts along life stages, adult stages of each species 

exhibited distinct isotopic niches suggesting a different use of the resources offered by vents. This 

absence of overlap was largely related to a significant 13C-enrichement for R. exoculata. According to 

several studies (Apremont et al., 2018; Guri et al., 2012; Jan et al., 2014; Petersen et al., 2010), both 

rTCA and CBB-fixing symbionts – respectively affiliated to Epsilonbacteraeota for the rTCA and 

Gammaproteobacteria or Zetaproteobacteria for the CBB – are hosted within R. exoculata and R. 

chacei cephalothorax. Given their δ13C values clearly in the range of carbon sources fixed with the rTCA, 

R. exoculata adults appear to be mainly supplied with nutrients from their dominant 

Epsilonbacteraeota symbionts, the other symbionts having a minor contribution to their diet. On the 

other hand, δ13C values of R. chacei adults suggest a mixed diet, based on multiple carbon sources. 
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This could be related to a larger contribution of the Gammaproteobacteria or other CBB-fixing 

symbionts over the Epsilonbacteraeota in comparison to R. exoculata. However, they could also 

depend on food items other than their symbionts (see above). Previous observations of organic matter 

in the stomach contents of R. chacei also support a mixotrophic nutrition (Segonzac et al., 1993). 

In general, high δ15N values are associated with a high trophic position, consumers presenting 

stepwise 15N enrichment with each trophic level (Minagawa and Wada, 1984). However, variations of 

δ15N in producers can also be related to different inorganic nitrogen sources such as nitrates (δ15N = 5-

7 ‰) and ammonium (δ15N <0 ‰) (Lee and Childress, 1994; Riekenberg et al., 2016). According to our 

results and previous studies, δ15N values of R. exoculata are higher than those of other chemosymbiotic 

species from hydrothermal vents (Van Dover et al., 1988). Metagenomics studies on the cephalothorax 

of R. exoculata revealed that Epsilonbacteraeota possess nitrogen fixation pathways to use nitrate as 

a nitrogen source to produce ammonium, unlike the other symbionts (Jan et al., 2014). Therefore, the 

relatively high δ15N values of R. exoculata adults could also be attributed to a higher supply from the 

Epsilonbacteraeota than from other symbionts. These results highlight that, in hydrothermal vent 

ecosystems, variations in inorganic nitrogen use at the base of food webs should be taken into account 

when trying to estimate trophic position of animals. Indeed, even if many free-living 

Epsilonbacteraeota do not have this ability to use nitrate as a nitrogen source (Nakagawa et al., 2007; 

Sievert et al., 2008), others, such as the mat-forming Sulfurovum sp. (Stokke et al., 2015), do. 

Moreover, sequences close to R. exoculata Epsilonbacteraeota symbionts have been retrieved in the 

environment in several MAR vent sites (Petersen et al., 2010; Szafranski et al., 2015b), where they 

could be an important food source for the vent fauna.  

2.1.4.3 What can we learn about the Rimicaris life cycle? 

Our results confirmed that both R. exoculata and R. chacei juveniles rely or have relied during 

their larval phase on food sources derived from photosynthetic production, while adults gain most or 

all of their energy through chemosynthesis. Still, up to now, no conclusion can be drawn about where 

exactly in the water column the larvae may live. They may stay close to the seafloor with other deep-

sea epibenthic fauna, or live several meters above vent fields, while consuming, in both scenarios, 

organic carbon sinking from the surface. In any case, they most likely reach the pelagic environment 

early, before the end of their dispersal, as Rimicaris “post-larvae” – no precise species identification – 

have been collected between 1990-3060 m depth above the MAR (Herring and Dixon, 1998). Because 

of the higher productivity and larger food availability in surface waters, combined with the fact that 

crustacean larvae are in general strong swimmers in comparison to other faunal groups (Adams et al., 

2012), it is tempting to hypothesize a larval migration up to the photic zone. However, it is unclear if 

these larvae could support the low pressure and higher temperatures in these areas. M. fortunata 

hatched larvae, collected from a shallower vent field, could survive in a good physiological state at 

atmospheric pressure and 10 °C but were found dead at 20 °C in the same pressure conditions (Tyler 

and Dixon, 2000). Therefore, it appears that the upper distribution limit in the water column for this 

species could be determined by temperature below the photic area. Similar experiments could be 

conducted to confirm if R. exoculata and R. chacei larvae share the same physiological limitations. At 

adult stages, two of them exhibit rather similar thermal tolerances with a thermal limit of 36 °C for M. 

fortunata (Shillito et al., 2006) and of 38.5 ± 2 °C for R. exoculata (Ravaux et al., 2003, 2019). Recently, 

Nomaki and colleagues revealed that natural-abundance radiocarbon content (Δ14C) clearly shifted 
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from lower ratio in bottom water or vent- chimney fluids from vent fields to higher ratio in water-

column plankton in the area of the Izu-Ogasawara Arc (Nomaki et al., 2019). In this context, use of Δ14C 

as an ecological tracer could provide more information on the Rimicaris larvae habitat during their 

dispersal phase.   

While few assumptions could be made concerning the exact location of Rimicaris juveniles 

during their previous life outside the vent field influence, a clear segregation could be observed 

between isotopic niches of R. exoculata and R. chacei stage A juveniles, with more 13-C-depleted values 

for R. chacei (Fig 57.). This segregation between the two species at juvenile stage could arise from δ13C 

variations linked to bionomic (resource-related) or scenopoetic (habitat-related) factors during their 

post-larval life (Flaherty and Ben-David, 2010; Newsome et al., 2008). In either case, this suggests that 

R. exoculata and R. chacei could present different larval life histories, with different spatial 

distributions and/or different feeding habits. Our results indicate that the two species recruit at 

different size class, unlike indicated previously (Komai and Segonzac, 2008), with a minimal carapace 

length size of 5.7 mm and 4.3 mm for the earliest juveniles of R. exoculata and R. chacei, respectively 

(Table 3.). This also supports the hypothesis of distinct larval dispersal histories between the two 

species.  

The large abundance of small R. chacei juveniles in dense aggregations close to diffuse fluids 

(Hernández-Ávila, 2016) is surprising considering the recognized low abundance of R. chacei adults 

(Segonzac et al., 1993). Such difference between juvenile and adult abundances was not observed in 

R. exoculata (Hernández-Ávila, 2016). This could arise from a lower survival after recruitment, a more 

important adult population than previously stated for R. chacei, or both. A proper characterization of 

the comparative population structures of R. exoculata and R. chacei at different vent fields should be 

conducted to properly assess if these differences in the abundance of their different life stages is 

related to different recruitment strategy.  

Overall, our results provide a good illustration of the taxonomic issues that still persist in deep-

sea ecosystems, even in the most well-known species of these environments, like R. exoculata. As 

exemplified by this study, these misidentifications are not only small details of interest for expert 

taxonomists. The interspecific differences we highlighted would have been, through confusion 

between the two congeneric species’ juveniles, interpreted as ontogenic variations of R. exoculata 

otherwise. This could be an important source of bias when attempting to understand fundamental 

aspects of the ecology and the biology of these species, including but not limited to their nutrition and 

life history traits. These issues also preclude from an accurate overview of the biodiversity of these 

ecosystems, and of our planet in general. We reiterate here the recent call by Glover et al. (Glover et 

al., 2018) for an integrative taxonomy, maintaining traditional taxonomic procedures but coupling 

them to other insights about the biology of a given species, and keeping in mind that previous 

identifications should be considered as a current hypothesis, open to reassessment when necessary, 

like any other scientific result. 
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2.1 TROPHIC SHIFTS AND DISTINCT LARVAL HISTORIES BETWEEN TWO CO-OCCURRING 
RIMICARIS SPECIES FROM THE MID-ATLANTIC RIDGE 

2.1.5 Supplementary Materials and Methods 

2.1.5.1 Morphological analysis: Determination of the R. chacei Onset of 

Sexual Differentiation (OSD)  

Since subadult shrimps are morphologically similar to small females – i.e. lack of male 

appendices – dissection procedures to assess the lack of gonadal tissue are needed to separate sexually 

mature females from subadults. To differentiate the two in our dataset, an average shrimp size for 

onset of sexual differentiation (OSD) was defined as a proxy. For R. exoculata, this size was  10 mm as 

estimated by a previous study from the same vent sites and year period (Hernández-Ávila, 2016). To 

have a similar estimation for R. chacei, a subsample of 10 to 20 shrimps per size class – ranging from 4 

mm to 12 mm in CL – were collected during BICOSE 2 cruise – 130 individuals in total – and dissected 

to verify macroscopic evidence of gonadal tissue. OSD was then calculated according to (Hernández-

Ávila, 2016; Wenner et al., 1974). 

2.1.5.2 Genetic Identifications: PCR Amplification protocol 

PCR Amplifications were conducted with 1 µl of template DNA in a 50 µL solution of 1X reaction 

buffer, 2 mM MgCl2, 0.4 µM dNTP, 0.6 units of Taq polymerase and 0.6mM of each primer. They were 

performed as following: initial denaturation (5 min at 94°C), 35 cycles including denaturation (1 min at 

94°C), annealing (1 min at 50 °C) and elongation (2 min at 72 °C), followed by a final elongation of 7 

min at 72°C. All PCR amplifications were conducted on a GeneAmp PCR system 9700 (Applied 

Biosystems). PCR products that produced light bands after electrophoresis on 1% agarose gel were 

sent to the MacroGen Europe Laboratory in Amsterdam (The Netherlands) to obtain sequences, using 

the same set of primers as used for the PCR. Overlapping sequence (forward and reverse) fragments 

were merged into consensus sequences using Geneious Pro 8.1.9 (Biomatters Ltd). The minimal length 

of all COI sequences coverage was 597 bp. 

2.1.5.3 Statistical analysis and data processing: The isotopic niche analysis        

The SIBER approach involves the use of ellipses (Jackson et al., 2011) to define isotopic niches, 

i.e., the space occupied by an animal population in a bivariate isotopic space. Since variation in the 

isotopic composition of animals (i.e., position of points in the isotopic space) is driven by both 

consumed prey items (Jackson et al., 2011; McCutchan et al., 2003) and habitat use (Flaherty and Ben-

David, 2010), this isotopic niche can be used as a proxy of the realized ecological niche. Overlap 

between ellipses associated with different populations suggests that these groups partly exploit the 

same food and/or habitat resources. The bigger the overlap, the more resources are shared by the two 

populations. Here, we used standard ellipses (bivariate equivalent of standard deviations). These 

standard ellipses contains only the “typical” members of a population (but may not encompass outlier 
individuals in isotopic space). For this reason, they have been termed “core isotopic niches”, as it can 
be used as a proxy of the trophic and habitat resources most commonly used by populations (Layman 

and Allgeier, 2012) 
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2.1 TROPHIC SHIFTS AND DISTINCT LARVAL HISTORIES BETWEEN TWO CO-OCCURRING 
RIMICARIS SPECIES FROM THE MID-ATLANTIC RIDGE 

 

Fig S1. Detailed morphological analysis coupled with genetic identification of small alvinocaridids 
juveniles collected during the HERMINE expedition from TAG and Snake Pit. based on 5 criteria 
according to (Komai and Segonzac, 2008) + 1 additional ones.  

 

Fig S2. Estimation of R. chacei sexual maturity to determine its OSD. A. Table presenting the number 
of indidividuals with absent/undeveloped gonad tissues and those with developed gonad tissues per 
size class. B. Proportion of individuals with developed gonadal tissues per size class.  C. Log-
transformed proportion of individuals with developed gonadal tissues per size class per size class. 
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2.1 TROPHIC SHIFTS AND DISTINCT LARVAL HISTORIES BETWEEN TWO CO-OCCURRING 
RIMICARIS SPECIES FROM THE MID-ATLANTIC RIDGE 

 

Table S1. Number of specimens per species, life stages and vent field for taxonomical, barcoding and 
isotopic analysis. 
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2.1 TROPHIC SHIFTS AND DISTINCT LARVAL HISTORIES BETWEEN TWO CO-OCCURRING 
RIMICARIS SPECIES FROM THE MID-ATLANTIC RIDGE 
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2.1 TROPHIC SHIFTS AND DISTINCT LARVAL HISTORIES BETWEEN TWO CO-OCCURRING 
RIMICARIS SPECIES FROM THE MID-ATLANTIC RIDGE 

        

Table S2. P-values of the statistical pairwise Wilcoxon comparisons for the stable isotopes ratios of R. 

exoculata and R. chacei life stages. Numbers highlighted in bold are considered as statistically 
significant. 

 

 

 

 



 

  

 186 

 

2.Z ADDITIONAL RESULTS 

2.Z Additional results 

 In situ hybridization on R. exoculata juveniles with specific probes for Epsilonbacteraeota or 

Gammaproteobacteria revealed that the two symbionts are present in the earlier juvenile stages of R. 

exoculata with a similar location on scaphognathite and branchiostegites (Fig 58B. and 58B.) (Photos 

made by M. Gueganton). Hybridization on the entire section of a R. chacei juvenile with Eubacteria 

probes, revealed a large bacterial colonization on scaphognathite and branchiostegites (Fig 58C.) 

(result of this thesis). However, this juvenile was collected and stored before the revision of the 

taxonomy and it is unclear if it is a subadult or a stage A juvenile. Further FISH examination on properly 

identified specimen should be realized on these life stages (M. Gueganton Thesis). More discussion in 

part 7. 

 Isotopic ratio and isotopic niches of R. exoculata females or males from aggregate or from the 

periphery did not exhibit any variations in δ13C (Fig 59A.), δ15N (Fig 59B.) or δ34S (Fig 59C.). Moreover, 

very important overlap are observed between their niches either for carbon and sulfur (Fig 59D.) or 

for carbon and nitrogen (Fig 59E.), especially for TAG specimens (more differentiation for those from 

Snake Pit). More discussion in part 7. 
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2.Z ADDITIONAL RESULTS 

 

Fig 59. FISH Observations of Rimicaris juveniles collected during the HERMINE expedition with specific 
probes. The first two images (A. and B.) were made by Marion Gueganton during her 6 months 
internship. Observations were performed on semi-thin sections – A. and B. 10µm or C. 2 µm – stained 
with DAPI (blue) A. Scapholognathite of R. exoculata stage A juvenile hybridzed with Epsy914 (red) and 
Gam42a (yellow). B. Branchiostegite of R. exoculata stage A juvenile hybridzed with Epsy914 (red) and 
Gam42a yellow). C. Entire R. chacei juvenile – stage A or subadult, not identified precisely – hybridzed 
with Eub338 (yellow).  
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2.Z ADDITIONAL RESULTS 

Fig 60. Isotopic ratios and isotopic niches of R. exoculata adults from TAG (filled colors) and Snake Pit 

(contoured colors) at different life stages for A. Carbon, B. Nitrogen, C. and Sulfur isotopes. D. 

isotopic niche for carbon and azote ellipses. E. isotopic niche for carbon and azote ellipses. 
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The aim of this study was to assess comparatively the similarities and the divergences of the 

global population structures of R. exoculata, R. chacei and M. fortunata in terms of sex ratio, juvenile 

proportions and proportions of reproductive individuals. In addition, a cohort analysis was performed 

to compare the dynamics of recruitment between these three species. Spatial variations of their 

respective population structures were also examined between different assemblages for each life 

stages of each species. Temperature measurements on different assemblages were used to 

reconstruct the thermal niches of the three species as well as the niches of R. exoculata and R. chacei 

life stages. A major part of the samples used in this study was collected during the BICOSE 2 expedition, 

during which all the fieldwork of this thesis was performed. 

This part of the thesis is probably the less advanced one with part of the analyses that remains 

to be done, including the inter-annual comparison between BICOSE 2 dataset (2018) with those from 

the BICOSE expedition in 2014 (Hernández-Ávila, 2016) and those from the HERMINE expedition in 

2017 (around 3500 individuals, sorted during this thesis).  Short scale temporal comparison should also 

be conducted between assemblages that were collected at the same place with several days of 

differences (summarized in a supplementary table in this chapter). An integration of the chemical 

composition data – Fe2+ concentration, total iron and total H2S concentration – obtained for some 

assemblages could also be considered. Moreover, most of the introduction and the discussion part are 

still work in progress and should be completed later.  
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3.1 POPULATION STRUCTURE AND THERMAL NICHES OF ALVINOCARIDIDS FROM THE MID 
ATLANTIC RIDGE 

3.1 Population structure and thermal niches of 

alvinocaridids from the Mid Atlantic Ridge 
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3.1.1 Introduction 

 The concept of niche, as defined by Hutchinson, is a fundamental principle of ecology. The 

niche of a given species can be summarized as an n-dimensional hypervolume within which this species 

can survive indefinitely (Hutchinson, 1957). Therefore, tolerance of this species to different 

environmental gradients and the functional interactions it has with other species, delineate the 

boundaries of its niche. In hydrothermal vent ecosystems, hot fluids, rich in reduced elements, are 

expelled rapidly to collide turbulently with the cold and oxygenated seawater. This creates a mixing 

gradient of highly variable thermal and chemical conditions that can drastically change on small spatial 

scales from the order of the cm. This gradient strongly structures vent species distribution and strong 

zonation of the faunal assemblages is frequently observed all along this environmental gradient in 

many vent fields (Cuvelier et al., 2009; Govenar et al., 2005; Luther et al., 2001; Marsh et al., 2012; 

Sarrazin and Juniper, 1999; Sen et al., 2013). Thermal conditions are one the main drivers of this 

zonation, in particular the variability rather than the average temperatures (Cuvelier et al., 2011; 

Podowski et al., 2010).  Many species from these environments exhibit thermal adaptations to cope 

with the “extreme” conditions they encounter. Indeed, some of the most eurythermal species in the 

world, are inhabiting these ecosystems such as the alvinellid polychaete, Alvinella pompejana, that can 

cope with temperatures beyond 42°C for more than 2 hours (Ravaux et al., 2013). Nonetheless, many 

motile species rather escape the high thermal conditions and actively seek cooler temperatures than 

their maximal thermal tolerance (Bates et al., 2010; Shillito et al., 2001). Other environmental factors 

have also a strong influence on the distribution of species along the gradient, such as oxygen or 

reduced compounds concentrations. However, given that temperature is correlated to the dilution of 

the vent fluid in the seawater, thermal conditions can give a good proxy of the chemical 

concentrations, if chemical compositions of non-dilute fluids are known (Le Bris et al., 2006b). 
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3.1 POPULATION STRUCTURE AND THERMAL NICHES OF ALVINOCARIDIDS FROM THE MID 
ATLANTIC RIDGE 

 Several vent taxa are therefore characteristic of particular parts of the gradient. For instance, 

vent fields of the Mid Atlantic Ridge are characterized by a dominance of alvinocaridid shrimp in the 

hottest part of the gradient, either R. exoculata or M. fortunata, a large presence of Bathymodiolin 

mussels in the cooler part and Maractis rimicarivora anemones, in the colder part at the periphery 

(Cuvelier et al., 2011; Desbruyères et al., 2000; Fabri et al., 2011). Nonetheless, this zonation is not 

limited to species distribution as segregation can be observed between the different life stages of a 

species along the thermal gradient, like for Kiwa tyleri crabs from East Scotia Ridge (Marsh et al., 2015). 

Male individuals are distributed mostly in the hot part of the mixing gradient between 9°C and 24°C 

whereas females and juvenile were restricted to colder habitats. Moreover, brooding migration of K. 

tyleri females was observed at the periphery of the vent field (Marsh et al., 2015). Differences between 

thermal niches of the different size classes of B. azoricus mussels from Lucky Strike were also found 

with small mussels in the colder areas and large ones at higher temperature (Husson et al., 2017). 

These changes of their thermal niche were gradual, each size class niche overlapping the niches of its 

neighboring size categories (Husson et al., 2017).  

 In R. exoculata, distinct distribution of male and female individuals was reported at TAG, with 

females being mostly present in the dense aggregates close to the active vent emissions whereas males 

were distributed mostly at the periphery where no vent fluids could be observed (Hernández-Ávila, 

2016). Moreover, a nursery of small alvinocaridid was also observed suggesting the existence of a third 

assemblage for these life stages. However, genetic identification of these small individuals affiliated 

them to R. chacei. 

 With the reexamination of the juvenile taxonomy realized in the previous chapter, our aim was 

to reassess the population structure of R. exoculata and R. chacei, and to a lower extent M. fortunata, 

as well as their spatial variation in different types of assemblages. Moreover, with the measurement 

of the thermal condition surrounding these different assemblages, we attempted to compare the 

thermal niches of each species as well as those of each life stages for both R. exoculata and R. chacei. 

3.1.2 Materials & Methods 

3.1.2.1 Field Sampling 

Alvinocaridid shrimps were collected during the BICOSE 2 expedition on board of the R/V 

Pourquoi Pas?, between February and early March 2018 at the TAG (26°08.2’N, 44°49.5’W, 3620 m 
depth) and the Snake Pit (23°22.1’N 44°57.1’W, 3470 m depth) hydrothermal vent fields (Fig 60.) using 

the suction sampler of the French HOV Nautile. Three different edifices were sampled at the Snake Pit 

vent field: The Beehive, the Moose and the Nail (Fig 60.). In total, 3945 R. exoculata shrimps (1533 

from TAG and 2413 from Snake Pit), 1235 R. chacei shrimps (884 from TAG and 351 from Snake Pit) 

and 195 M. fortunata shrimps (21 from TAG and 174 from Snake Pit) were collected. 

 Discrete spatial samples were targeted to explore the fine scale variations in the population 

of each species with 13 different spatial samples at TAG and 17 at Snake Pit (8 from the Beehive edifice, 

6 from the Moose edifice and 4 from the Nail edifice). During the dives, spatial samples were kept 

separate using the different chambers of the suction sampler carousel and the closeable bioboxes of 

the French HOV Nautile. For 21 of these sampling points, discrete temperature measurements prior to 

sampling using the HOV temperature probe at several points in the assemblage, during at least 5 min. 



 

  

 196 

 

3.1 POPULATION STRUCTURE AND THERMAL NICHES OF ALVINOCARIDIDS FROM THE MID 
ATLANTIC RIDGE 

 

Fig 61. Vent fields of the study with their edifices observed during the BICOSE 2 expedition. A. Top part 
of the chimney of the Main Mound of the TAG vent field. B. Two chimney of the Beehive edifice at the 
Snake Pit vent field. C. Top view of the Moose edifice with its complex topography edifice at the Snake 
Pit vent field. 

3.1.2.2 Life stage identifications and measurements 

Once on board the ship, ovigerous females and females with developed gonads were 

identified, separated from the rest of the sample preserved in formalin and stored individually. All the 

other shrimps were stored in 80% EtOH. For each alvinocaridid shrimp, the standard measure of body 
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size for carideans, carapace length (CL), was determined to the nearest 0.1 mm by Vernier calipers 

from the rear of the eye socket to the rear of the carapace on the mid-dorsal line. Each shrimp was 

identified and sorted by life stages, sex and by their reproductive condition. Sex was identified for 

adults by the occurrence of the appendix masculina on the second pleopod in males, and by the shape 

of the endopod of the first pleopod (Komai and Segonzac, 2008) (Fig S3A., Fig S3B.). Since these sexual 

characters appear only at the adult stage, sex of juvenile specimens could not be determined.  

Juvenile stages of R. exoculata and R. chacei were identified according to the revised taxonomy 

presented in a previous study (Chapter 2). Pleopod morphologies are identical between subadults and 

small females, which cannot be distinguished on their morphology. Separation was made between 

these two stages according to the Onset of Sexual Differentiation (OSD) size (size at which more than 

50% of the individuals have developed gonads) defined previously for R. exoculata and R. chacei.. OSD 

size is  respectively CL =10 mm and CL = 5.98 mm for R. exoculata and R. chacei (Hernández-Ávila, 2016; 

Chapter 2). Subadults and juvenile stages were sometimes grouped in the analysis as immature life 

stages. All the individuals with a higher size than the OSD, and showing female external morphology 

(ie lacking appendix masculina, and male first pleopod) were sorted as females, and all the individuals 

with a size below OSD, as subadults. Since the number of M. fortunata was too limited to define the 

OSD size for this specie, the distinction between adults and subadults was made according to the size 

of the smallest male retrieved in our samples, with a CL of 4.9 mm. 

Females were further sorted according to their reproductive status. Those with developed 

gonads were characterized on board by the marked pink color of their gonads under their 

cephalothorax (Fig S3C.) and ovigerous females by the presence of modified pleopods bearing setae 

that help to maintain the brood – including brooding females and females with hatched or lost broods 

(Fig S3D.). Females with developed gonads and ovigerous females were considered as reproductively 

active females. All the other females were classified as non-reproductive individuals.  

3.1.2.3 Statistical analysis of the population structure 

Alvinocaridid shrimps were grouped first by species and then, by life stages for each vent field, 

or, within Snake Pit, for each vent edifice. Visual examination of our dataset and Shapiro-Wilk 

normality tests revealed that the size of the alvinocaridid shrimps collected during the BICOSE 2 

expedition were not following a Gaussian distribution. Therefore, non-parametric tests were used for 

intergroup comparisons, with a Mann Whitney test when two groups were compared and a Kruskal-

Wallis test followed by post-hoc Dunn tests when three or more groups were compared. Frequencies 

of males and females in samples were tested for significant variation from a 1:1 sex ratio using χ2 tests 

with Yate’s correction for one degree of freedom. Similarly, frequencies of adults and immatures, of 

reproductively active females and non-reproductive females and frequencies of the different juvenile 

stages were tested for a significant variation from a 1:1 sex ratio using the same statistical test. All 

tests were performed using R version 3.6.1. 

3.1.2.4 Cohort analysis of the population structures 

Histograms of the size frequency distributions were analyzed as mixtures of statistical 

distributions for samples containing at least 40 individuals. Size-frequency histograms were plotted 

using a 1 mm size class interval. This interval was chosen to meet the following criteria described by 

(Jollivet et al., 2000): (1) most size-classes have at least five individuals each, (2) adjacent empty size-
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classes have been minimized and (3) an interval clearly larger than the estimated error rates on 

measurements. We determined the overlapping component distribution that gives the best fit to the 

histogram with the “mixdist” package (Macdonald and Du, 2012; Macdonald and Pitcher, 1979) in R 

version 3.6.1. Our modal decompositions were considered as valid according to the test from the 

“mixdist” package, which is based on the χ2 approximation to the likelihood ratio statistic. This allowed 

the identification of gamma components and their parameters – mean, sigma, estimated and 

proportion – each corresponding respectively to the mean CL size, the standard deviation on the CL 

size and the proportion of a defined cohort. 

3.1.2.5 Environmental Characterization & Niche analysis 

Four temperature descriptors were calculated from the 21 assemblages where thermal 

conditions were measured (Table S3.): the mean (Avg.T), the minimum (Min.T), the maximum (Max.T) 

and the standard deviation (Std.T). Pearson's correlation was used to select non-redundant variables.  

Like for the B. azoricus mussels and the community of the Lucky Strike vent fields (Husson et 

al., 2017), the niche of a set of species was studied using the outlier mean index (OMI) created by 

(Doledec et al., 2000), and computed using the “niche” function of R package ade4 (Dray and Dufour, 

2007). On a PCA of environmental parameters, sampling points – i.e., the different assemblages 

collected – are weighted by the loge-transformed specie’s number. The center of gravity of these 

weighted points is the species average position in the scatterplot defined by the PCA, i.e. the average 

thermal conditions in which the species thrive. This method is particularly efficient for describing 

species niches because, unlike other univariate or multivariate analyses, it does not make the 

assumption of a linear or unimodal response of faunal descriptors to environmental drivers. 

Different indexes are given by the OMI analysis. The OMI index, also called “marginality”, is a 
parameter that gives the squared distance between the species center of gravity and the PCA center. 

The higher this distance is, the more different the species niche thermal conditions are from the 

average conditions of the study (i.e. the center of the PCA). A permutation test is used to check the 

significance of this index, indicating if species marginality is significantly higher than expected by 

chance. If this test is not significant, this test means that the species distribution is independent of the 

thermal conditions and dependent from these conditions if the test is significant. The OMI analysis also 

gives a measure of the niche breath: the tolerance index (Tol), which corresponds to the variance 

around the centroid. Associated to the tolerance (Tol), the residual tolerance (RTol) index, is defined 

as the part of the variance that is not explained by the environmental variables used in the PCA. Thus, 

the RTol index indicates whether the chosen variables are suitable for the niche analysis. These three 

index (OMI, Tol and RTol) constitute total inertia of the niche, and each can be expressed as a 

percentage of this inertia. 

At the same time, OMI analysis also identified the thermal variables of the PCA that best 

differentiate the thermal niches of the studied species. Graphic representation of the OMI analysis is 

a deformation of the PCA plot. Three PCA were conducted: PCA-shrimps to describe the thermal niches 

of the three different alvinocaridid shrimps sampled in this study, as well as PCA-Rexoculata and PCA-

Rchacei to describe the thermal niches of each life stages of R. exoculata and R. chacei respectively.  
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3.1.3 Results 

3.1.3.1 Population structure of alvinocaridid shrimps at TAG & Snake Pit in 

February-March 2018 

As in 2014 (Hernández-Ávila, 2016), sex ratio of R. exoculata collected in 2018 from TAG and 

Snake Pit were strongly biased towards females (Table 4.). Of the 1168 adult specimens of R. exoculata 

collected at TAG, only 135 were identified as male resulting in an overall sex ratio that deviated 

significantly from 1:1 (χ2 = 690.41, p < 0.05) (Fig 61A.).  

 

Fig 62. Population structure of alvinocaridid shrimps per life stages from TAG and Snake Pit denoting 
life stages and reproductive status of females. A. Population structure of R. exoculata from TAG. B. 
Population structure of R. exoculata from Snake Pit. C. Population structure of R. chacei from TAG. D. 
Population structure of R. chacei from Snake Pit. E. Population structure of M. fortunata from Snake 
Pit. 
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Table 4. Sample and population data of alvinocaridid used in this study per vent field and per edifice for the TAG and Snake Pit vent fields.  

Adult Male

Total (TA) Total (TF) Ovigerous Dev. Gonads Non Reproductive Total (TM) Total (TI) Subadult stage B juvenile stage A juvenile

TAG 1533 1168 1033 114 50 869 135 365 155 153 57

Snake Pit 2413 1628 1425 80 16 1329 203 787 232 216 339

The Beehive 1275 747 622 14 1 607 125 528 94 166 268

The Moose 725 634 598 65 13 520 36 91 22 15 54

The Nail 413 247 205 1 2 202 42 166 116 35 15

TAG 884 72 53 12 1 40 19 812 448 - 364

Snake Pit 351 154 98 11 1 86 56 197 52 - 145

The Beehive 158 11 9 0 0 9 2 147 29 - 118

The Moose 142 110 66 11 1 54 44 32 11 - 21

The Nail 51 33 23 0 0 23 10 18 12 - 6

TAG 21 21 17 2 - 15 4 0 - - 0

Snake Pit 174 154 133 29 - 104 21 20 - - 20

The Beehive 26 12 10 0 - 10 2 14 - - 14

The Moose 15 14 11 1 - 10 3 1 - - 1

The Nail 133 128 112 28 - 84 16 5 - - 5

Rimicaris exoculata

Rimicaris chacei

Mirocaris fortunata

Species
Vent field/ 

edifice

Total n. 

specimens

Female Immature

TM:TF χ2 (1 df) Significance TI:TA χ2 (1 df) Significance TR:TNR χ2 (1 df) Significance

TAG 0.13:1 690.41 *** 0.31:1 420.62 *** 0.19:1 481.15 ***

Snake Pit 0.14:1 917.25 *** 0.48:1 292.87 *** 0.07:1 1064 ***

The Beehive 0.20:1 330.67 *** 0.71:1 37.61 *** 0.02:1 568.79 ***

The Moose 0.06:1 498.18 *** 0.13:1 406.69 *** 0.15:1 320.81 ***

The Nail 0.21:1 104.92 *** 0.17:1 15.89 *** 0.01:1 187.02 ***

TAG 0.36:1 16.06 *** 11.3:1 619.46 *** 0.32:1  13.75 ***

Snake Pit 0.57:1 11.46 *** 1.3:1 5.27 * 0.14:1 53.06 ***

The Beehive 0.22:1 4.45 * 13.4:1 117.06 *** - - -

The Moose 0.67:1 4.40 * 0.29:1 42.85 *** 0.22:1 26.72 ***

The Nail 0.43:1 5.12 * 0.55:1 1.79 NS - - -

TAG 0.24:1 8.48 ** - - - 0.09:1 8.33 ***

Snake Pit 0.16:1 81.46 *** 0.13:1 103.2 *** 0.28:1 42.29 **

The Beehive 0.20:1 5.33 * 1.2:1 0.15 NS - - -

The Moose 0.27:1 4.57 * 0.07:1 11.27 *** 0.1:1 7.36 ***

The Nail 0.14:1 72.0 *** 0.04:1 113.75 *** 0:1 28 ***

Mirocaris fortunata

Sex Ratio Juvenile Ratio Reproductive Ratio 
Species

Vent field/ 

edifice

Rimicaris exoculata

Rimicaris chacei
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Similarly, only 203 males were collected at Snake Pit out of the 1628 adult specimens retrieved 

at this vent field (χ2 = 917.25, p < 0.05) (Fig 61B.). Overall sex ratio of the R. chacei collected at these 

same vent sites also deviated significantly from 1:1 (Table 4.), with 19 males out of the 72 adult 

specimens collected at TAG (χ2 = 16.06, p < 0.05) and 53 males out of the 154 adults collected at Snake 

Pit (χ2 = 11.46, p < 0.05) (Fig 61C. and 61D.). However, proportions of males in TAG and Snake Pit adult 

populations were higher for R. chacei (TAG: 26.4% Snake Pit: 36.4%) compared to R. exoculata (TAG: 

11.6% Snake Pit: 12.5%) with a less important deviation from a 1:1 sex ratio for R. chacei (TAG: χ2 = 

19.67, p < 0.05; Snake Pit: χ2 = 116.53, p < 0.05). M. fortunata populations of TAG and Snake Pit both 

presented an overall sex ratio that deviated significantly from 1:1, as well (TAG: χ2 = 8.05, p < 0.05; 

Snake Pit: χ2 = 81.46, p < 0.05), (Fig 61E.), (Table 4.). These deviations in their sex ratio were rather 

similar to those of R. exoculata with similar proportions of males at Snake Pit compared to R. exoculata 

(Snake Pit: 12.5%)  

 

Fig 63. Population structure of alvinocaridid shrimps from the different edifices of Snake Pit denoting 
life stages and reproductive status of females. A. Population structure of R. exoculata from the 
Beehive. B. Population structure of R. exoculata from the Moose. C. Population structure of R. 

exoculata from the Nail. D. Population structure of R. chacei from the Beehive. E. Population structure 
of R. chacei from the Moose. F. Population structure of R. chacei from the Nail. G. Population structure 
of M. fortunata from the Beehive. H. Population structure of M. fortunata from the Moose. I. 
Population structure of M. fortunata from the Nail. 
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In details, for each vent edifice of Snake Pit, sex ratio of R. exoculata and M. fortunata were 

biased towards females as well (χ2 tests, p < 0.05) (Fig 62A. to 3C. and 3G. to 3I.). On the other hand, 

R. chacei presented distinct sex ratio between the different edifices of Snake Pit, with a sex ratio slightly 

biased towards females at the Beehive and the Nail edifices (The Beehive: χ2 = 4.45, p < 0.05; The Nail: 

χ2 = 56.12, p < 0.05), but biased towards males at the Moose edifice (χ2 = 4.4, p < 0.05) (Fig 62D. to 

62F.).   

A large proportion of the females were at a reproductive stage for the three different species 

(Fig 61. and Table 4.). With 164 reproductively active females of R. exoculata at TAG and 94 at Snake 

Pit, they represented respectively 15.9 % and 6.6 % of all females from TAG or from Snake Pit (TAG: χ2 

= 19.67, p < 0.05; Snake Pit: χ2 = 116.53, p < 0.05). Although, their number were much lower, 

respectively 13 and 12 for TAG and for Snake Pit, reproductively active females of R. chacei represented 

a higher proportion of all females compared to R. exoculata, representing 24.5 % of all females at TAG 

and 12.6 % at Snake Pit (TAG: χ2 = 19.67, p < 0.05; Snake Pit: χ2 = 116.53, p < 0.05). For M. fortunata, 

reproductively active females also represented an important part of all females, respectively 8.3 % and 

21.8 % at TAG and Snake Pit (TAG: χ2 = 19.67, p < 0.05; Snake Pit: χ2 = 116.53, p < 0.05). 

With 365 immatures individuals – subadults and juveniles – collected at TAG and 787 at Snake 

Pit, the proportions of R. exoculata adults (TAG: 76.2% Snake Pit: 67.4%) were always much higher 

than the proportions of immature individuals (TAG: 23.8% Snake Pit: 32.6%) in these vent fields (TAG: 

χ2 = 420.6, p < 0.05; Snake Pit: χ2 = 292.9, p < 0.05) (Fig 61A. and 61B.). Similarly, the proportion of M. 

fortunata adults from Snake Pit (88.5%) was higher than the proportion of immature individuals 

(11.5%), (χ2 = 103.2, p < 0.05). On the other hand, proportions of R. chacei adults (TAG: 8.1% Snake Pit: 

43.9%) were always lower than the proportions of immature individuals (TAG: 91.9% Snake Pit: 56.1%), 

especially at TAG (TAG: χ2 = 519.5, p < 0.05; Snake Pit: χ2 = 5.3, p < 0.05) (Fig 61C. and 61D.). 

Interestingly, distinct patterns in the proportions of adult and immature shrimps were found between 

vent edifices of Snake Pit for R. chacei and, to some extent, for R. exoculata as well (Fig 62.). Whereas 

the proportion of immatures individuals of R. chacei was higher at the Beehive edifice (χ2 = 117.06, p 

< 0.05), than for the entire vent field, it was lower at the Moose edifice (χ2 = 42.85, p < 0.05) (Fig 62D. 

and 62E.). Additionally, proportions of adult and immature R. chacei were balanced at the Nail edifice 

(χ2 = 1.79, p > 0.05), (Fig 62F.). For R. exoculata, proportions of adults were always higher at any vent 

edifice (χ2 tests, p < 0.05), although they were always lower at the Beehive and the Nail edifices 

compared to the Moose edifice (χ2 tests, p < 0.05), (Fig 62A. to 62C.). 

The size-frequency distributions of R. exoculata populations from TAG and Snake Pit were 

rather similar with a very slightly higher average size for the Snake Pit population (TAG: 12.0 ± 2.8 mm; 

Snake Pit: 12.2 ± 4.0 mm; Mann-Whitney U-test, W= 1909204, p = 0.046). Overall, their CL size ranged 

from 7 mm at TAG and 5.7 mm at Snake Pit for the smallest juveniles, to 20.1 mm at TAG and 24.4 mm 

at Snake Pit for the biggest adults collected in this study. MIX analysis detected four cohorts in the 

population of R. exoculata from TAG and from Snake Pit overall, the most frequently represented 

(respectively, 92.5% and 54%) having mean CL of 11.8 mm and 13.8 mm, respectively (Fig 63A. and 

63B.).  

On the other hand, size-frequency distributions of R. chacei populations from TAG and Snake Pit were 

clearly different (Mann-Whitney U-test, W= 105454, p < 0.05) with a higher mean CL size for the Snake 
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Pit population (TAG: 5.2 ± 2.3 mm; Snake Pit: 7.7 ± 4.4 mm). Their CL size ranged from 3.8 mm at TAG 

and 3.7 mm at Snake Pit for the smallest juveniles, to 20.5 mm at TAG and 21.8 mm at Snake Pit for 

the biggest adults collected in this study. MIX analysis detected three cohorts overall in the population 

of R. chacei from TAG and four cohorts for the population from Snake Pit, the most frequently 

represented (respectively, 39.6% and 33.9%) having mean CL of 4.6 mm and 4.7 mm, respectively (Fig 

63C. and 63D.).  

 

Fig 64. Cohort analysis of alvinocaridid shrimps per life stages from TAG and Snake Pit. A. Cohort 
analysis of R. exoculata from TAG. B. Cohort analysis of R. exoculata from Snake Pit. C. Cohort analysis 
of R. chacei from TAG. D. Cohort analysis of R. chacei from Snake Pit. E. Cohort analysis of M. fortunata 
from Snake Pit. 
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Table 5. Body size (CL) of adult alvinocaridids denoting reproductive status of females. 

 

Table 6. Body size (CL) of immatures alvinocaridids denoting life stages. 

mean sd max min mean sd max min mean sd max min mean sd max min

TAG 17 1.32 20.1 14.1 17.6 0.86 19.2 16 11.7 1.50 18.4 10 15.5 1.55 18.2 10.5

Snake Pit 19.9 2.36 23.8 14.6 20.3 2.15 23 15.6 13.4 3.36 24.4 10 15.5 2.17 20.6 10.5

The Beehive 17 2.01 21.4 14.6 - - - - 12.7 2.15 18.5 10 14.9 1.49 18.2 10.5

The Moose 20.6 1.85 23.8 17.3 21.2 1.25 23 18.6 14.8 4.32 24.4 10 18.8 1.29 20.6 15.2

The Nail - - - - 16.8 1.70 18 15.6 11.7 1.67 19.3 10 14.6 1.82 18.8 10.8

TAG 17.3 2.50 20.2 12.9 - - - - 7.6 2.77 18.7 6 14.3 2.62 19.1 10.9

Snake Pit 16.2 3.66 21.8 11.8 - - - - 10.7 3.95 21.7 6.2 12.1 3.28 19 7

The Beehive - - - - - - - - 8.9 3.59 17.6 6.3 7.7 0.92 8.3 7

The Moose 16.2 3.66 21.8 11.8 - - - - 12 4.19 21.7 6.2 13 3.17 19 8

The Nail - - - - - - - - 8.5 1.65 11.3 6.3 9.4 1.09 10.8 7.4

TAG 7.9 0.50 8.2 7.5 - - - - 6.8 0.99 9 5.2 6.7 0.21 6.9 6.5

Snake Pit 8.6 0.74 10.2 7.1 - - - - 7.5 1.29 11.2 5 6.7 0.90 8.5 4.9

The Beehive - - - - - - - - 6.9 1.11 9.5 5.2 5.8 1.27 6.7 4.9

The Moose - - - - - - - - 8.9 1.66 11.2 5.8 7.8 0.70 8.5 7.1

The Nail 8.6 0.75 10.2 7.1 - - - - 7.3 1.16 10.1 5 6.6 0.74 8.2 5.5

Rimicaris chacei

Mirocaris fortunata

Species
Vent field/ 

edifice

Ovigerous Females Females with Dev. Gonads Non Reproductive Females Male

Rimicaris exoculata

mean sd max min mean sd max min mean sd max min

TAG 9.4 0.43 9.9 7.7 8.8 0.57 10 7.2 8.3 0.63 9.7 7

Snake Pit 9. 0.46 9.9 7.6 8.4 0.75 10.2 6.2 7.8 0.36 9.5 5.7

The Beehive 9.3 0.53 9.9 7.6 8.3 0.74 9.7 6.2 7.7 0.61 9.1 5.7

The Moose 9.6 0.34 9.9 8.6 8.7 0.54 9.6 8 8.2 0.59 9.5 6.8

The Nail 9.3 0.39 9.9 8.3 8.8 0.71 10.2 7.5 8.3 0.66 9.4 7.3

TAG 4.9 0.45 5.9 4 - - - - 4.5 0.29 5.4 3.8

Snake Pit 4.9 0.43 5.9 4.1 - - - - 4.5 0.32 5.4 3.7

The Beehive 4.8 0.37 5.7 4.1 - - - - 4.6 0.32 5.4 3.7

The Moose 4.8 0.31 5.3 4.2 - - - - 4.4 0.26 5.3 4

The Nail 5.3 0.44 5.9 4.6 - - - - 4.7 0.46 5.1 4

TAG - - - - - - - - - - - -

Snake Pit - - - - - - - - 3.8 0.58 4.8 3

The Beehive - - - - - - - - 3.7 0.53 4.8 3

The Moose - - - - - - - - - - - -

The Nail - - - - - - - - 4 0.61 4.8 3.3

Mirocaris fortunata

Species
Vent field/ 

edifice

Subadult Stage B juveniles (R. exoculata  only) Stage A juveniles

Rimicaris exoculata

Rimicaris chacei
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Surprisingly, MIX analysis of M. fortunata population from Snake Pit detected only two cohorts 

overall in the population of M. fortunata from Snake Pit, the most frequently represented (94.2% of 

the population) having mean CL of 7.4 mm and the second, with a mean CL of 3.8 mm, representing 

only 5.8% of the population (Fig 63E.). In detail, average sizes of R. exoculata and R. chacei were always 

significantly higher at the Moose edifice (R. exoculata: 14.8 ± 4.8 mm; R. chacei: 11.0 ± 4.9 mm) 

compared to the other sites including TAG (Kruskal-Wallis, R. exoculata: H= 308.27, p < 0.05; R. chacei: 

H= 147.5, p < 0.05; Dunn’s Multiple Comparison Test, p < 0.05). Averages sizes of R. exoculata were 

similar between the Beehive and the Nail edifices (The Beehive: 11.1 ± 3.1 mm; The Nail: 11.0 ± 2.3 

mm; Dunn’s Multiple Comparison Test, p > 0.05) whereas they were higher at the Nail edifice for R. 

chacei (The Beehive: 4.9 ± 1.4 mm; The Nail: 7.5 ± 2.2 mm; Dunn’s Multiple Comparison Test, p < 0.05). 

Concerning R. exoculata life stages, average sizes of males and all the different females stages 

were significantly distinct at the two vent fields (Kruskal-Wallis, TAG: H= 594.1, p < 0.05; Snake Pit: H= 

296.9, p < 0.05) (Table 5. and 6.). Nonetheless, whereas male were significantly bigger than non-

reproductive females (Dunn’s Multiple Comparison Test, p < 0.05), they were significantly smaller than 

reproductively active females (Dunn’s Multiple Comparison Test, p < 0.05) (Table 5.). The average sizes 

of females with developed gonads and ovigerous females were similar (Dunn’s Multiple Comparison 
Test, p > 0.05), (Table 5.). Unlike previously reported (Komai and Segonzac, 2008), average sizes of R. 

exoculata juveniles and subadults were also significantly different (Kruskal-Wallis, TAG: H= 144.8, p < 

0.05; Snake Pit: H= 426.0, p < 0.05), with a size increase between each stages along the juvenile 

ontogeny at the two vent fields (Dunn’s Multiple Comparison Test, p < 0.05), (Table 6.). Average sizes 

of males and females (reproductive and non-reproductive) of R. chacei were also significantly different 

at the two vent fields (Kruskal-Wallis, TAG: H= 46.03, p < 0.05; Snake Pit: H= 24.54, p < 0.05) (Table 5.). 

These size differences were mainly related to the smaller size of non-reproductive females compared 

to the size of male and ovigerous females at both vent fields (Dunn’s Multiple Comparison Test, p < 

0.05 (Table 5.). Males had similar size to ovigerous females at TAG (Dunn’s Multiple Comparison Test, 
p > 0.05) but slightly smaller at Snake Pit (Dunn’s Multiple Comparison Test, p < 0.05), (Table 5.).  

Average sizes were also significantly different between subadults and juvenile stages with a size 

increase for subadult stages (Mann-Whitney U-test, TAG: W= 120073, p < 0.05; Snake Pit: W= 5507.5, 

p < 0.05), (Table 6.). 

3.1.3.2 Spatial variation in the population structure of alvinocaridid shrimps 

from TAG & Snake Pit  

 Discrete spatial variations in the population structure of the different alvinocaridid shrimp 

species   were explored among 31 discrete samples collected from seven different types of 

assemblages (Fig 64.). These assemblages were first distinguished based on in situ visual characteristics 

including shrimp densities, size of individuals, and closeness to active venting. Proportion of dominant 

species (alvinocaridid shrimps constitute the vast majority if not the totality of each sample) were 

further used following on board sorting to refine characterization of assemblages into distinct types. 

R. exoculata was present in all of the samples collected although only 25 of them exhibited more than 

10 individuals. R. chacei were totally absent from 8 samples and only 14 out of the 31 samples exhibited 

more than 10 individuals. M. fortunata were by far the less abundant alvinocaridids, completely absent 

from 18 samples present in only 4 assemblages with more than 10 individuals. However, sampling was 
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targeted for the two Rimicaris species, which inevitably introduced a bias for the abundance of M. 

fortunata, although, it still reflect qualitatively the lower abundances of this species at this vent fields. 

 

Fig 65. Overview of the different assemblage types collected at TAG and Snake Pit in 2018 during the 
BICOSE 2 expedition. A. Dense aggregates of R. exoculata shrimps. B. R. exoculata nurseries on the 
flank of the Beehive edifice. C. Peripheral areas of scattered individuals. D. R. chacei nurseries close to 
diffuse emissions. E. Alvinocaridids in the vicinity of dense aggregates. F. Peripheral areas close to 
diffuse emissions dominated by M. fortunata at the Nail edifice. G. Dense aggregate of R. exoculata 
between rocks, replaced 10 days later by H. Hidden aggregate of R. chacei adults. 
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The first type of assemblage was the most visually dominant in the studied vent fields: the 

dense aggregates (Fig 64A., Fig 65A.) also called (‘active emission habitats’ in (Hernández-Ávila, 2016)). 

Dense aggregates were largely dominated by R. exoculata shrimps (χ2 = 110.99 – 834, p < 0.05) with 

occasional occurrence of R. chacei individuals (1 to 12 per sample of ‘dense aggregates’), especially at 
the Moose edifice, and on rarer instances, one or two M. fortunata individuals (Table 7.). At the 

highest, proportions of R. chacei represented 10.4% % of all the alvinocaridid shrimps from these 

samples whereas M. fortunata never exceeded 0.01 %.  Samples of ‘dense aggregate’ were mostly 
constituted of R. exoculata adults, representing between 64.7% and 94.2% of all the R. exoculata from 

these assemblages (χ2 = 24.26 – 250.3, p < 0.05), with only one dense aggregate from the Nail edifice 

showing an equilibrated proportion of adults and immature individuals (χ2 = 0.316, p > 0.05), (Table 

7.). As observed in 2014 (Hernández-Ávila, 2016), for nearly all the ‘dense aggregates’ samples, sex 
ratio of R. exoculata strongly deviated from 1:1 (χ2 = 31.15 – 311.01, p < 0.05), with a large bias towards 

females (Table 7.). One exception though, was found in a sample from TAG that presented a balanced 

sex ratio for R. exoculata (χ2 = 0.695, p > 0.05), (Table 7.). Still, even without this particular sample, 

proportions of R. exoculata females were variable among ‘dense aggregate’ samples, from 81.8% to 
99.7% of all adults. Moreover, most of the reproductively active females of R. exoculata were found in 

‘dense aggregate’ samples with 250 individuals out of the 258 collected overall. For nearly all of the 

‘dense aggregate’ samples, proportions of reproductively active and non-reproductive females of R. 

exoculata significantly deviated from 1:1 (χ2 = 4.96 – 262.87, p < 0.05), except one aggregate from 

Snake Pit (χ2 = 3.07, p > 0.05), (Table 8.). In most cases, proportions of reproductively active females 

were lower than of non-reproductive ones (between 0.8% and 38.2% of all females), although the first 

two aggregates collected during the cruise exhibited a higher proportion of reproductively active 

females (74% and 61.8% of all females). None of the ‘dense aggregate’ samples presented a sufficient 
number of R. chacei individuals to conclude about sex ratio or proportions of immature individuals in 

these type of assemblages.    

Another type of assemblage called ‘juvenile aggregate from chimneys’ clearly dominated by R. 

exoculata was retrieved too, but only at Snake Pit on the flank of the main chimneys of the Beehive 

edifice (Fig 64B., Fig 65B.). Unlike dense aggregates of R. exoculata adults, these assemblages mostly 

consisted of immature individuals representing around 90.4% and 91.3% of all the R. exoculata from 

these assemblages (χ2 = 102.73 and 117.23, p < 0.05), (Table 7.).  These immature individuals were 

clearly stage A juveniles in majority, representing 70.4% and 74.5% of all the immature individuals from 

these assemblages (χ2 = 306.15 and 344, p < 0.05). On the other hand, stage B juveniles were 

representing 21% and 22.5% of all the immature individuals, and subadults only 4.5% and 7%. Although 

the number of adults was limited, sex ratio of these assemblages could be estimated. Unlike dense 

aggregates, this sex ratio did not significantly deviated from 1:1 or only slightly towards females (χ2 = 

5.4, p < 0.05; 3.27, p > 0.05), (Table 7.). Apart from these R. exoculata, only two R. chacei subadults in 

one of the two samples collected were found. These nurseries of R. exoculata were associated with 

the gastropods Peltospira smaragdina. 
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Fig 66. Size-frequency distributions of three alvinocaridid species in assemblages dominated by R. 

exoculata (A and B) or by R. chacei (C and D). A. Dense aggregates of R. exoculata adults close to active 
vent fluids. B. Nursery of R. exoculata at Snake Pit on the flank of the chimneys with diffuse emissions, 
close to dense aggregates. Assemblage associated with P. smaragdina gastropods. C. Hidden 
aggregates of R. chacei found behind rocks at TAG or behind mussel beds at Snake Pit, near diffuse 
vent fluid emissions. D. R. chacei nursery associated with low temperature diffusions.  Additional 
histogram are presented in Fig S4. 
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A third type of assemblage, not evidenced before our 2018 expedition, was clearly dominated 

by R. chacei (Fig 64G., Fig 65C.). These were dense but limited aggregates, hidden between rocks at 

TAG or in holes between B. puteoserpentis mussels at Snake Pit. R. chacei represented most of the 

alvinocaridid shrimps (Fig 65C.) in this type of assemblage called ‘hidden aggregates’. Accounting for 

76.2% and 87.6% of all shrimps at TAG and Snake Pit respectively (χ2 = 4.96 – 262.87, p < 0.05) (Table 

7.). In these assemblages, R. chacei were mostly represented by adults, accounting for all the R. chacei 

individuals from these samples at TAG and 71.7% of those from Snake Pit (TAG: χ2 = 32, p < 0.05; Snake 

Pit: χ2 = 18.68, p < 0.05), (Table 7.).  R. chacei sex ratio in ’hidden aggregate’ samples was balanced at 
TAG (χ2 = 0, p > 0.05) but biased towards females at Snake Pit (χ2 = 7.45 p > 0.05), (Table 7.). These 

assemblages were also the location where the largest concentrations of reproductively active R. chacei 

were retrieved with 11 individuals at TAG out of the 13 collected and 7 at Snake Pit out of the 12 

collected, the others being distributed sparsely in the different dense aggregates of R. exoculata. Ratio 

of reproductively active females among all females significantly deviated from a 1:1 (TAG: χ2 = 2.25, p 

< 0.05; Snake Pit: χ2 = 23.17, p < 0.05) with an equilibrated proportion of reproductively active and 

non-reproductive females at TAG (68.75% of all the females) and a lower proportion of reproductively 

active females at Snake Pit (17.5% of all the females), (Table 8.). Other species were too scarce to 

estimate sex and juvenile ratios for them in these assemblages.  

Similarly to ‘R. chacei nurseries’ observed in 2014 at TAG (also called ‘diffuse emission habitat’) 
(Hernández-Ávila, 2016), assemblages of very small alvinocaridids were observed again in 2018, not 

only at TAG, but also at Snake Pit (Fig 64D., Fig 65D.). Again, these small juveniles all belong to R. chacei 

(see chapter 2). These stage A R. chacei juveniles represented between 66.7% and 99.5% of all 

alvinocaridids from these assemblages (χ2 = 4.96 – 262.87, p < 0.05), (Table 7.). The rest of the shrimps 

in these samples were R. chacei subadults; immature stages of R. chacei thus representing between 

95.8% and 99.1% of all the R. chacei individuals from these assemblages (χ2 = 20.17 – 436.14, p < 0.05), 

(Table 7.). None of the samples from ‘R. chacei nurseries’ had a sufficient number of R. chacei adults 

to conclude about the sex ratio of this species in these assemblages. Interestingly, the proportions of 

stage A juveniles and subadults differed widely between the different nurseries. Three of them – two 

from Snake Pit and one from TAG – were dominated  by stage A juveniles (between 70% and 83% of 

stage A, χ2 = 9.78 – 70.72, p < 0.05) whereas one from TAG was  largely dominated by subadult stages 

(65% of subadult, χ2 = 10.45, p < 0.05). The numbers of R. exoculata and M. fortunata were also in 

general too low to evaluate their sex ratio as well as the proportions of their immatures, except in one 

nursery from Snake Pit. In this nursery, the proportions of immatures and adults were similar both for 

R. exoculata and for M. fortunata (R. exoculata: χ2 = 0, p < 0.05; M. fortunata: χ2 = 0.692, p < 0.05), 

(Table 7.). No P. smaragdina gastropods were observed in the vicinity of these R. chacei nurseries. 

 In addition to these four different types of alvinocaridid assemblages, three other types have 

been identified, exhibiting mixtures of at least two of the three alvinocaridid species reported here (Fig 

66.). Among them, the peripheral areas consisted of scattered individuals laying at distance from any 

visible diffusion, but still close enough to be considered under vent field influence (also called ‘inactive 
emission habitat’ in (Hernández-Ávila, 2016)), presented in some cases mixed populations of the three 

alvinocaridids (Fig 64C., Fig 66.A.). In one ‘periphery’ sample from TAG, proportions of each species 

were well balanced, representing 47.5%, 33.9% and 18.6% respectively for R. exoculata, R. chacei and 

M. fortunata (χ2 2.18, p > 0.05), (Table 7.).  
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Fig 67. Size-frequency distributions of three alvinocaridid species in mixt assemblages from peripheral 
areas at TAG and Snake Pit. A. Peripheral assemblages of scattered individuals, found in areas without 
visible vent diffusion but still under the hydrothermal vent field influence. B. Assemblages of scattered 
individuals in close vicinity (<1m) of the dense aggregates of R. exoculata around high temperature 
fluid emissions at TAG. Assemblage associated with P. smaragdina gastropods.  C. Assemblage of 
scattered individuals in a diffuse fluid area at the Nail edifice with a dominance of M. fortunata. 
Additional histogram are presented in Fig S5. 

In the samples from Snake Pit, two species were usually dominant, one sample being 

dominated by balanced proportions of R. exoculata and R. chacei (χ2 = 2.18, p > 0.05) in the absence 

of M. fortunata, and the other sample being dominated by R. exoculata with lower but balanced 

proportions of R. chacei and M. fortunata (χ2 = 0.09, p > 0.05), (Table 7.).  
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Table 7. Sex and stage distributions in alvinocaridid shrimps from the different assemblages.

TM:TF χ2 (1 df) Signif. TI:TA χ2 (1 df) Signif. TM:TF χ2 (1 df) Signif. TI:TA χ2 (1 df) Signif. TM:TF χ2 (1 df) Signif. TI:TA χ2 (1 df) Signif. χ2 (1 df) Signif.

TAG Dense Aggregate PL02-A1 109 0.84:1 0.695 NS 0.18:1 51.6 *** 1 - - - - - - 0 - - - - - - 212.06 ***

TAG Dense Aggregate PL02-A3 111 0.07:1 72.516 *** 0.17:1 56.22 *** 8 - - - - - - 0 - - - - - - 193.3 ***

TAG Dense Aggregate PL06-A1 223 0.09:1 120.14 *** 0.27:1 72.33 *** 0 - - - - - - 0 - - - - - - 458.1 ***

TAG Dense Aggregate PL07-A2 339 0.02:1 251.52 *** 0.23:1 131.33 *** 0 - - - - - - 0 - - - - - - 678 ***

TAG Dense Aggregate PL08-A3 417 0.03:1 268.07 *** 0.38:1 85.66 *** 0 - - - - - - 0 - - - - - - 834 ***

TAG Hidden Aggregate PL08-A2 9 - - - - - - 32 1:1 0 *** 0:1 32 *** 1 - - - - - - 34.37 ***

TAG R. chacei  Nursery PL02-A2 1 - - - - - - 124 - - - - 124 *** 0 - - - - - - 244.05 ***

TAG R. chacei  Nursery PL09-A1&2 2 - - - - - - 452 - - - 112:1 436.14 *** 0 - - - - - - 896.05 ***

TAG Periphery PL09-A3 15 14:1 11.27 *** 0:1 15 *** 0 - - - - - - 0 - - - - - - 30 ***

TAG Periphery PL10-A3&4 28 8:1 16.33 *** 0.04:1 24.14 *** 20 - - - 19:1 16.2 *** 11 0.38:1 2.27 NS 0:1 11 *** 2.18 NS

TAG Vicinity of Aggregates PL05-A1&2&3 234 0.05:1 117.36 *** 0.63:1 12.46 *** 193 0:1 25 *** 6.72:1 105.95 *** 2 - - - - - - 3.94 *

TAG Vicinity of Aggregates PL08-A1 21 0.33:1 3 NS 0.75:1 0.428 NS 13 - - - 2.25:1 1.92 NS 1 - - - - - - 1.88 NS

TAG Vicinity of Aggregates PL10-A1&2 24 0.47:1 2.91 NS 0.09:1 16.67 *** 41 - - - 12.67:1 29.8 *** 5 - - - - - - 3.88 *

Snake Pit / The Beehive Dense Aggregate PL15-A2 185 0.22:1 50.79 *** 0.47:1 24.26 *** 0 - - - - - - 0 - - - - - - 370 ***

Snake Pit / The Beehive Dense Aggregate PL15-A3 326 0.10:1 181.19 *** 0.2:1 145.78 *** 0 - - - - - - 0 - - - - - - 652 ***

Snake Pit / The Beehive Dense Aggregate PL19-A4&5 362 0.17:1 131.96 *** 0.37:1 77.97 *** 1 - - - - - - 0 - - - - - - 720.02 ***

Snake Pit / The Moose Dense Aggregate PL14-A3 338 0.003:1 311.01 *** 0.07:1 250.3 *** 12 3:1 0.5:1 2 - - - - - - 622.93 ***

Snake Pit / The Moose Dense Aggregate PL16-A5 69 0.18:1 31.15 *** 0.06:1 53.93 *** 8 - - - - - - 0 - - - - - - 110.99 ***

Snake Pit / The Moose Dense Aggregate PL18-A1&2 160 0.06:1 91.12 *** 0.31:1 70.42 *** 8 - - - - - - 0 - - - - - - 247.95 ***

Snake Pit / The Moose Dense Aggregate PL20-P1 142 0.07:1 95.61 *** 0.17:1 44.1 *** 10 0.11:1 0:1 0 - - - - - - 290.29 ***

Snake Pit / The Nail Dense Aggregate PL20-A1 215 0.19:1 67.59 *** 0.48:1 26.16 *** 0 - - - - - - 0 - - - - - - 430 ***

Snake Pit / The Nail Dense Aggregate PL20-A2 155 0.07:1 55.35 *** 1.09:1 0.316 NS 2 - - - - - - 1 - - - - - - 298.27 ***

Snake Pit / The Moose Hidden Aggregate PL14-A1 2 - - - - - - 99 0.51:1 7.45 ** 0.39:1 18.68 *** 12 0.22:1 0.09:1 129.95 ***

Snake Pit / The Beehive R. chacei  Nursery PL15-A4 7 - - - - - - 24 - - - 23:1 20.17 *** 5 - - - - - - 18.17 ***

Snake Pit / The Beehive R. chacei  Nursery PL17-A1&2&3 16 - - - 1:1 0 NS 90 - - - 29:1 78.4 *** 13 0:1 1.6:1 0.692 NS 86 ***

Snake Pit / The Beehive R. exoculata  Nursery PL15-A1 157 0.25:1 5.4 * 9.47:1 102.73 *** 2 - - - - - - 0 - - - - - - 11.27 ***

Snake Pit / The Beehive R. exoculata  Nursery PL19-A3 172 0.36:1 3.27 NS 10.47:1 117.23 *** 0 - - - - - - 0 - - - - - - 31 ***

Snake Pit / The Beehive Periphery PL19-A1&2 31 4.75:1 6.4 ** 0.35:1 7.26 ** 5 - - - - - - 6 - - - - - - 31 ***

Snake Pit / The Moose Periphery PL14-A2 10 9:1 9.78 ** 0:1 10 ** 12 3:1 3 NS 0:1 12 *** 0 - - - - - - 11.27 **

Snake Pit / The Nail Periphery - Mirocaris PL20-A3&4&5 43 1:1 0 NS 0.54:1 3.93 * 49 0.45:1 4.5 * 0.53:1 4.59 * 132 0.14:1 71.06 *** 0.04:1 112.76 *** 66.27 ***

All Alvinocaridid

Species Ratio 

Mirocaris fortunat

Total n. 

specimens

Sex Ratio Juvenile Ratio Sex Ratio Juvenile Ratio Vent Field / Edifice Assemblage Type Sample ID Sex Ratio Juvenile Ratio 

Rimicaris exoculata

Total n. 

specimens

Rimicaris chacei

Total n. 

specimens



 

  

 212 

 

3.1 POPULATION STRUCTURE AND THERMAL NICHES OF ALVINOCARIDIDS FROM THE MID 
ATLANTIC RIDGE 

Unlike the others, the second “periphery” sample from TAG consisted only of R. exoculata 

shrimps (Table 7.). In all ‘periphery’ samples, R. exoculata shrimps were mostly adults (χ2 = 7.26 – 

24.14, p < 0.05) with a maximum of 25.8% of immature individuals in one sample from Snake Pit. On 

the other hand, in samples with a sufficiently large number of R. chacei to perform statistical tests (2 

samples), this species was mostly represented by immature individuals at TAG (χ2 = 16.2, p < 0.05), and 

by adults at Snake Pit (χ2 = 12, p < 0.05), (Table 7.).  

All M. fortunata from “periphery” samples were adults. As observed in 2014 at TAG 

(Hernández-Ávila, 2016), sex ratios of R. exoculata in ‘periphery’ samples were strongly biased towards 
males (χ2 = 6.4 – 16.33, p < 0.05) (Table 7.). On the other hand, sex ratios of R. chacei and M. fortunata 

from the ‘periphery’ did not significantly deviated from 1:1 (R. chacei: χ2 = 3, p < 0.05; M. fortunata: χ2 

= 2.27, p < 0.05), (Table 7.).  

The two last types of assemblages were retrieved in only one of the two vent fields. The first 

one, at the vicinity of some of the dense aggregates at TAG, presented a rather equilibrated proportion 

of R. exoculata and of R. chacei (Fig 64E., Fig 66A.) in the three sampling points (χ2 = 3.94, p = 0.047; χ2 

= 1.88, p = 0.17; χ2 = 3.88, p = 0.049) with a very low number or a total absence of M. fortunata (Table 

7.).  

 

Table 8. Proportions of reproductively active alvinocaridid females from the different assemblages (RF: 
reproductive females including ovigerous females and females with developed gonads; NRF: non-
reproductive females). 

For both R. exoculata and R. chacei, these ‘vicinity of aggregate’ samples exhibited proportions 

of immature individuals in agreement with the general tendency of their global populations, with a 

significant dominance of adults for R. exoculata (χ2 = 12.46 – 16.67, p < 0.05) and a significant 

RF NRF χ2 Signif.

TAG Dense Aggregate PL02-A1 37 13 11.52 ***

TAG Dense Aggregate PL02-A3 55 34 4.96 *

TAG Dense Aggregate PL06-A1 49 111 24.06 ***

TAG Dense Aggregate PL07-A2 9 260 234.2 ***

TAG Dense Aggregate PL08-A3 8 286 262.87 ***

Snake Pit / The Beehive Dense Aggregate PL15-A2 2 101 95.16 ***

Snake Pit / The Beehive Dense Aggregate PL15-A3 2 245 239.06 ***

Snake Pit / The Beehive Dense Aggregate PL19-A4&5 7 219 198.87 ***

Snake Pit / The Moose Dense Aggregate PL14-A3 0 314 314 ***

Snake Pit / The Moose Dense Aggregate PL16-A5 21 34 3.07 NS

Snake Pit / The Moose Dense Aggregate PL18-A1&2 36 79 39.72 ***

Snake Pit / The Moose Dense Aggregate PL20-P1 23 90 16.08 ***

Snake Pit / The Nail Dense Aggregate PL20-A1 1 121 118.03 ***

Snake Pit / The Nail Dense Aggregate PL20-A2 0 69 69 ***

TAG Hidden Aggregate PL08-A2 11 5 2.25 NS

Snake Pit / The Moose Hidden Aggregate PL14-A1 7 40 23.17 ***

Snake Pit / The Nail Periphery - Mirocaris PL20-A3&4&5 28 83 27.25 ***

R. exoculata 

R. chacei

M. fortunata
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dominance of immature individuals for R. chacei (χ2 = 29.8 – 105.95, p < 0.05), (Table 7.). In one case 

at TAG however, proportions of adults and immatures were rather similar for the two species (R. 

exoculata:  χ2 = 0.428, p < 0.05; R. chacei: χ2 = 1.92, p < 0.05), (Table 7.). R. exoculata sex ratios did not 

significantly deviated from 1:1 in general (χ2 = 2.91– 3, p > 0.05), except in one sample exhibiting a 

strongly female biased sex ratio (χ2 = 117.36, p < 0.05), (Table 7.). R. chacei adult numbers were too 

limited to estimate their sex ratio in these assemblages, except in one case were all adults were 

females only. Like the nurseries of R. exoculata from Snake Pit, these assemblages from TAG were 

associated with the peltospirid snails, P. smaragdina.  

The last assemblage was only observed at Snake Pit around the Nail edifice and consisted of 

the three alvinocaridid species, but was dominated by M. fortunata, which accounted for51.9% of the 

alvinocaridids of the sample (χ2 = 66.27, p < 0.05). R. exoculata and R. chacei accounted respectively 

for 19.2% and 21.9% of the alvinocaridids (Fig 64C., Fig 66.A.). This assemblage resembles strongly to 

the peripheral assemblages, although active diffuse emissions could be observed around the shrimps. 

In situ, it is also located close to the ‘vicinity of dense aggregates’ assemblages, but differed from them 
by its position, clearly separated from the dense aggregates assemblages of the Nail. For both R. 

exoculata and R. chacei, proportions of immature individuals were only slightly lower than the 

proportions of adults (R. exoculata:  χ2 = 3.93, p < 0.05; R. chacei: χ2 = 4.59, p < 0.05), (Table 7.). 

Moreover, their sex ratio did not significantly deviated from 1:1 or only slightly towards females for R. 

chacei (R. exoculata:  χ2 = 0, p > 0.05; R. chacei: χ2 = 4.5, p < 0.05), (Table 7.). M. fortunata was mostly 

represented by adults in this assemblage (97% of all M. fortunata; χ2 = 112.76, p > 0.05), with a strongly 

female biased sex ratio (χ2 = 71.06, p > 0.05), (Table 7.). This assemblage was also the one where most 

reproductively active females of M. fortunata were collected – 28 out of the 31 collected at Snake Pit 

– representing 25% of all the females from this assemblage (Table 8.). 

3.1.3.3 Thermal niches of alvinocaridid shrimps and their life stages from TAG 

& Snake Pit  

 Average temperatures around alvinocaridid assemblages were comprised between 3.4°C and 

22.5°C, with maximum peaks of temperature reaching up to 38.1°C punctually, and minimum ones 

down to 3.1°C (Table 9.). Standard deviations that can be considered as the thermal variability around 

the assemblages varied from 0.3°C to 7.6°C. As the minimal temperatures were strongly correlated 

with the average temperatures (r2=0.98, p, < 0.05), only Avg.T, Std.T and Max.T were used in PCA-

shrimp, PCA-Rexoculata and PCA-Rchacei. All the three variables were very well represented in the 

PCA (∑cos2 = 0.99, 0.99 and 0.98 for Avg.T, Std.T and Max.T respectively) and were strongly correlated 

with the first axis especially for the Max.T (85%, 84.5% and 98% for Avg.T, Std.T and Max.T respectively) 

but less with the second axis (15% and 14.5% for Avg.T and Std.T respectively). Avg.T, Std.T and Max.T 

almost contributed equally to the construction of the first axis (contribution = 31.8%, 31.6% and 36.7% 

respectively). Similarly, Avg.T and Std.T also contributed equally to the construction of the first axis 

(contribution = 49.1% and 50.8% respectively). 

 The PCA-shrimps of the different alvinocaridid shrimp species explained only 36% of the 

variance with 35.5% on the first axis (Fig 67.). As depicted by the PCA-shrimp, each alvinocaridid 

species occupied a different thermal niche that changed in overall position and in breadth (Fig 67A.). 

Both R. chacei and M. fortunata were mostly restricted on the left side of the niche plot with lower 

maximum and mean temperatures compared to R. exoculata (Table 9.) that was situated on both side 
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of the niche plot (Fig 67A.). Mean position along the first axis was closer to warmer habitats for R. 

exoculata in comparison to R. chacei, and for R. chacei in comparison to M. fortunata (Fig 67B.). 

Similarly, standard deviation was wider for R. exoculata in comparison to R. chacei and for R. chacei in 

comparison to M. fortunata as well (Fig 67B.). Tolerance, i.e. the niche breath, was comprised between 

85.4% and 11% of the total inertia with R. exoculata having the largest niche breath and M. fortunata 

the lowest. 

 

Fig 68. Thermal niches of alvinocaridid species A. OMI analysis two-dimensional plot. B. Mean position 
of the different alvinocaridid species + k standard deviation along the first axis of the niche analysis. 
Red: Mirocaris fortunata, Yellow: Rimicaris chacei, Blue: Rimicaris exoculata. 

Table 9. Thermal range and parameters of the OMI analysis for the different alvinocaridid species 
and their life stages. *slightly significant. 

Permutation test

mean min max min max inertia OMI Tol Rtol omi tol rtol p.value

Rimicaris exoculata 11.3 3.4 22.5 3.1 38.1 3.22 0.07 2.75 0.40 2.1 85.4 12.4 0.0669

Rimicaris chacei 4.5 3.4 14.5 3.1 25.2 2.03 0.55 1.01 0.48 26.9 49.6 23.5 0.0529

Mirocaris fortunata 4.6 3.4 14.5 3.1 25.2 2.14 1.83 0.23 0.07 85.7 11,0 3.3 0.0729

Ovigerous Female 12.3 4.4 20.3 3.7 38.1 2.72 0.24 2.28 0.20 8.9 83.8 7.3 0.3147

Females with dev. Gonads 10.4 4.4 22.5 3.7 33 3.01 0.68 2.01 0.32 22.8 66.7 10.6 0.2717

Non Reproductive Female 12.7 3.4 22.5 3.1 38.1 3.47 0.29 2.83 0.35 8.4 81.5 10.1 0.0110*

Male 10 3.4 22.5 3.1 38.1 3.24 0.05 2.78 0.40 1.6 85.9 12.5 0.2827

Subadults 13.5 3.4 22.5 3.2 38.1 4.05 0.52 3.06 0.46 13,0 75.7 11.4 0.0260*

Stage B juvenile 10.7 3.4 22.5 3.2 38.1 3.69 0.20 2.9 0.59 5.3 78.8 15.9 0.1678

Stage A juvenile 5.9 3.4 22.5 3.1 38.1 2.6 0.02 2.13 0.45 0.8 81.8 17.4 0.6893

Ovigerous Female 5.4 4.9 7.1 3.9 9.6 1.0 0.72 0.25 0.03 72.2 24.8 2.9 0.4945

Non Reproductive Female 5.3 3.6 14.5 3.3 25.2 1.64 0.47 0.89 0.28 28.5 54.4 17.1 0.1658

Male 5 3.4 8.2 3.1 20.7 1.48 0.99 0.44 0.05 67.1 29.8 3.1 0.1039

Subadults 4.8 3.4 14.5 3.1 25.2 2.26 0.72 1.10 0.44 31.7 48.8 19.5 0.1309

Stage A juvenile 4.1 3.4 8.2 3.1 25.2 2.71 0.78 1.02 0.91 28.7 37.7 33.6 0.1828

Niche of Rimicaris chacei life stage

Average temperatures (°C) Thermal range (°C) OMI analysis

Niche of Alvinocaridids species

Niche of Rimicaris exoculata life stage
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Marginality (OMI index) was extremely low for R. exoculata representing only 2.1% of the total 

inertia which means that the thermal conditions, in which this species was found, were similar to the 

average conditions measured among all samples (the center of the PCA); (Table 9.). On the other hand, 

R. chacei and M. fortunata showed preference for more marginal habitats, especially for M. fortunata 

that exhibited the highest values between the three species (85.7% of the total inertia), whereas 

intermediate values between the two were found for R. chacei (26.9% of the total inertia); (Table 9.). 

However, permutation tests did not gave any significant p values for the different alvinocaridid species 

indicating that none of these species appear to select their habitat based on temperature (or related 

factors). 

 

Fig 69. Thermal niches of R. exoculata and R. chacei life stages. A. OMI analysis of R. exoculata life 
stages in two-dimensional plot. B. Mean position of the different R. exoculata life stages + k standard 
deviation along the first axis of the niche analysis. C. OMI analysis of R. chacei life stages in two-
dimensional plot. D. Mean position of the different R. chacei life stages + k standard deviation along 
the first axis of the niche analysis. Red: ovigerous females, Pink: Females with developed gonads, 
Orange: Non-reproductive females, Blue: males, Yellow: subadults, Light green: stage B juveniles; Dark 
green: stage A juveniles.
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 PCA-Rexoculata and PCA-Rchacei of the different life stages of R. exoculata and R. chacei 

explained 23.5% and 72.5% of the variance for R. exoculata and R. chacei respectively, with 

respectively 23% and 71.5% on the first axis (Fig 68.). As depicted by these two PCA, each life stages of 

R. exoculata and each life stages of R. chacei occupied rather similar thermal niches, with limited 

changes in their overall position and few variations of their breath (Fig 68A. and 68B.). Indeed all life 

stages of R. chacei were restricted to the left side of the niche plot and all life stages of R. exoculata 

were situated on both side of the niche plot (Fig 68A. and 68B.). Moreover, overlaps between the 

niches of different life stages of R. exoculata or between those of the different life stages of R. chacei 

were very important, no life stages having a completely distinct thermal niche than the others for both 

species (Fig 68.). Mean position along the first axis were more far from the warmer habitats for stage 

A juveniles and males of R. exoculata compared to its other stages that all exhibited a similar position, 

although slightly closer to the warmer habitats for subadults and females with developed gonads (Fig 

68C.).   

Position along the first axis were approximately similar between all life stages of R. chacei, 

except for the non-reproductive females that were slightly farer from the warmer habitats (Fig 68D). 

Residual tolerance ranged from 7.3% to 17.4% of total inertia for R. exoculata and from 2.9% to 33.6% 

for R. chacei; thus the variables used to describe the niches, at each sampling site explained 82.6% to 

92.7% of niche distribution of R. exoculata and 66.4% to 97.1% of niche distribution of R. chacei (Table 

9.). Tolerance of R. exoculata life stages was comprised between 66.7% and 85.9% of the total inertia, 

with slightly smaller niche breath for stage A juveniles and the different reproductive female stages 

compared to the other life stages (Table 9.). Similarly, tolerance of R. chacei life stages was comprised 

between 24.8% and 54.4% of the total inertia, with clearly smaller niche breath for ovigerous females 

and to a lower extent for the males as well (Table 9.).  

Marginality of R. exoculata life stages was extremely low for stage A juveniles and males, 

slightly higher for stage B juveniles, non-reproductive females and ovigerous females, and even higher 

for subadults and females with developed gonads, although they all remained comprised between 0.02 

and 0.68, representing between 0.8% and 22.8% of the total inertia (Table 9.). Marginality of R. chacei 

life stages were all rather similar ranging from 28.5% to 72.2% (Table 9.). Again, permutation tests did 

not give any significant p values for the different life stages of R. chacei indicating that none of them 

appears to select their habitat based on temperature. For most of R. exoculata life stages, permutation 

tests gave similar results as well. Still, they gave significant p values for two of them: the non-

reproductive females and the subadults.  

 

3.1.4 Directions for future discussion  

Our results confirmed the general bias in the sex ratios, with significantly higher proportions 

of females in R. exoculata populations from TAG and Snake Pit, like in 2014. Sex ratios of the two other 

alvinocaridid species were also biased towards females, although this bias was more limited for R. 

chacei. Reproductively active females of each alvinocaridid species were quite abundant, representing 

between 6.6% and 24.5% – respectively for R. exoculata from Snake Pit and R. chacei from TAG– of all 

the females collected depending on the species. These reproductive females were mostly distributed 

within the type of assemblages where their species were the dominant alvinocaridid.  
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Analysis of the population structure of the three co-occurring alvinocaridid species revealed 

distinct dynamics of recruitment between each of them. Between three and four cohorts were found 

for R. exoculata and R. chacei but only two for M. fortunata with a large majority in a single cohort. 

This suggests a continuous or semi-continuous recruitment for M. fortunata and a discontinuous 

recruitment for the two others. Additionally most of the collected individuals were at an immature 

stage for R. chacei whereas the majority were at adult stages for R. exoculata. With the shape of their 

size-class distribution, it appears that post-settlement survival differs between the two species with a 

higher mortality for R. chacei juveniles, especially at TAG. Potentially, these differences could be 

related to a higher predator pressure on R. chacei juvenile and subadult stages, which are more 

accessible to them than R. exoculata ones, as observed several times in 2014 and 2018 with macrourid 

fishes feeding within the R. chacei nursery. 

 Interestingly these dynamics of recruitment diverged between the different edifices of Snake 

Pit, in a similar way for the three alvinocaridid species. A higher proportion of immature individuals 

was always observed at the Beehive whereas adult stages were much more abundant at the Moose, 

with an intermediate position between the two edifices for the shrimps from the Nail edifice. 

Seven types of alvinocaridid assemblages were identified in our samples at both vent fields for 

four of them, the three other being only retrieved at one location and so were potentially specific to 

either TAG or Snake Pit. The ’R. chacei nurseries’ sampled only at TAG in 2014 (Hernández-Ávila, 2016), 

were retrieved in both vent fields in 2018. Two assemblages, the ‘dense aggregate’ and the ‘nursery 
of R. exoculata’, were largely dominated by R. exoculata with only few individuals of the other species. 

Two other assemblages, the ‘hidden aggregates’ and ‘the nursery of R. chacei’ were clearly dominated 

by R. chacei. On the other hand, the three last assemblages, the ’periphery’ assemblage the ‘vicinity of 

dense aggregates’ assemblage and the Mirocaris assemblage all exhibited relatively mixed proportions 

of the two species.  

An important segregation in the distribution of the different life stages of R. exoculata could 

be clearly observed between the different types of alvinocaridid assemblages. Dense aggregates of R. 

exoculata were mostly composed of the different reproductive female stages with some subadults and 

juvenile individuals. On the other hand, scattered R. exoculata shrimps distributed at the periphery 

were mostly composed of male individuals in both vent fields. This segregation between sexes was not 

observed for R. chacei. However, adults were clearly living mostly in different assemblages, the hidden 

aggregates, than their juvenile and subadult stages found in a large majority in the nursery 

assemblages. Interestingly, mixed population of both R. chacei and R. exoculata were only found in the 

more scattered assemblages whereas assemblages dominated by one of the two species were much 

denser.  

Thermal niche of R. exoculata was clearly larger and almost entirely overlapped the niches of 

R. chacei or of M. fortunata. This confirms that this species is not restricted to some part of the 

environmental gradient but occupies most of the available thermal niches in its environment, with 

temperatures between 3.1°C and 38.1°C. These conditions do not exceed the upper thermal tolerance 

threshold (CTmax) of this species that was experimentally estimated at 38°C -  its CTmax, i.e. the critical 

thermal maximum – for long duration exposure (1 hour), and above 38°C for shorter exposure (10 min) 

(Ravaux et al., 2019). R. chacei and M. fortunata are restricted to cooler parts of the thermal gradient 

between 3.1°C and 25.2°C for both of them. Unfortunately, R. chacei thermal physiology has not been 
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examined experimentally yet. The thermal range observed here for M. fortunata is much lower than 

its thermal upper limit, experimentally estimated to be around 36°C (Shillito et al., 2006). The narrower 

niches of R. chacei and M. fortunata could result from a competition for space with R. exoculata that 

restricts their thermal niches to cooler temperatures, although they would be physiologically able to 

cope with higher temperatures. However, thermal niches of M. fortunata from Lucky Strike, where no 

competition could exist with R. exoculata that is absent from this vent field, were not very different 

from the ones we found in our study, with an even narrower thermal range between 3.7°C and 14.2° 

(Husson et al., 2017). Therefore, the hypothesis of a competitive exclusion of M. fortunata in higher 

temperature habitats would not be supported. This thermal preference apparently lower than its 

thermal tolerance abilities, as observed in many other vent species (Bates et al., 2010), might simply 

indicate that thermal conditions are not sufficient to explain the distribution of M. fortunata in our 

assemblages. 

Thermal niches of the different life stages of both R. exoculata and R. chacei were greatly 

overlapping between each other’s with no clear tendency for the small variations of the niche center 
position. Thermal range were mostly similar between all the life stages of R. exoculata and between 

all life stages of R. chacei. Moreover, thermal conditions were clearly insufficient to explain the 

distribution of all these life stages, except R. exoculata non-reproductive females and subadults. Other 

environmental factors, including concentrations of reduced compounds fueling symbiotic bacteria of 

the shrimps, are explored in the perspective of this thesis work to explain the structuration of their 

populations between the different types of assemblages.  

Although temporal variations analyses have not been presented here, it already appears with 

the raw data (Table S5.), that some assemblages can remain extremely stable on short temporal scales 

(such as between PL15-A1 and PL19-A3 (7 days)); (Table S5.). They can also change drastically such as 

in the example of a sample collected in a dense aggregate of R. exoculata (Fig 64G.) that had 

disappeared 10 days later, replaced by an aggregate of R. chacei hidden between rocks (Fig 64H.); 

(Table S5.).  
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3.1.5 Supplementary materials 
 

 

Fig S3. Identification of sex and reproductively active females in alvinocaridids. A. Morphologies of 
the first pleopods of males and females for R. exoculata. B. Morphologies of the second pleopods of 
males and females for R. exoculata. C. R. exoculata with developed gonads under its cephalothorax 
and abdomen (in pink). D. Morphologies of the modified second to fourth pleopods of ovigerous 
females for R. exoculata.  
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Fig S4. Additional size class histograms of the different dense aggregate assemblages collected for 
this study. 
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Fig S5. Additional size class histograms of the different assemblage types collected for this study. 
Green: R. chacei nurseries; Blue: Peripheral assemblages of scattered alvinocaridid individuals; Yellow: 
Scattered alvinocaridid assemblages at the vicinity of the dense aggregates of R. exoculata 
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Table S3. Detailed thermal conditions of each assemblage samples with its environmental conditions. 

Vent Field / Edifice Assemblage Type Sample ID Avg.T (°C) Std.T (°C) Min.T (°C) Max.T (°C)

TAG Dense Aggregate PL02_A1 8.5 4.8 3.7 20.4

TAG Dense Aggregate PL06_A1 20.1 4.6 11.0 33.0

TAG Dense Aggregate PL08_A3 9.4 4.5 5.0 19.8

TAG Hidden Aggregate PL08_A2 4.9 0.7 4.5 6.9

TAG Periphery PL10_A3_4 3.4 0.3 3.1 4.1

TAG R. chacei nursery PL02_A2 4.8 0.3 4.2 5.4

TAG R. chacei nursery PL09_A1_2 3.8 0.5 3.3 5.3

TAG Vicinity of Aggregates PL10_A1_2 8.2 3.9 4.2 20.7

Snake Pit / The Beehive Dense Aggregate PL15_A2 7.7 0.8 6.7 10.1

Snake Pit / The Beehive Dense Aggregate PL15_A3 20.3 5.9 11.4 38.1

Snake Pit / The Moose Dense Aggregate PL16_A5 6.0 1.5 3.9 8.4

Snake Pit / The Moose Dense Aggregate PL18_A1_2 9.7 2.1 5.3 13.1

Snake Pit / The Beehive Dense Aggregate PL19_A4_5 7.0 1.3 4.9 9.5

Snake Pit / The Nail Dense Aggregate PL20_A1 22.5 6.9 12.1 30.7

Snake Pit / The Nail Dense Aggregate PL20_A2 14.5 1.5 8.1 19.0

Snake Pit / The Beehive Periphery PL19_A1_2 3.6 0.8 3.3 6.1

Snake Pit / The Nail Periphery - Mirocaris PL20_A3_4_5 4.4 0.5 4.2 5.9

Snake Pit / The Beehive R. chacei nursery PL15_A4 7.8 7.6 3.4 25.2

Snake Pit / The Beehive R. exoculata nursery PL15_A1 3.4 0.5 3.2 4.9

Snake Pit / The Beehive R. exoculata nursery PL19_A3 4.8 0.6 3.9 6.6
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Table S4. Detail individual number of the different life stages for R. exoculata, R. chacei and M. fortunata shrimps from and Snake Pit, for the different 

collected assemblages in 2018. OF: Ovigerous females; GF: females with developed gonads; RF: Reproductively active females (OF + GF); NRF: Non-

reproductive females; Ftot: All females; M: males; Sub: subadult stages; St. B.: stage B juveniles; St. A.: stage A juveniles; Imm: immatures life stages 

(juveniles + subadults); Ad: Adult life stages; n: total individuals. 

OF GF RF NRF Ftot M Sub St. B St. A Imm Ad n OF GF RF NRF M Ftot Sub St. A Imm Ad n OF NRF M AllF Imm Ad n

Dense Aggregate PL02-A1 12 25 37 13 50 42 3 0 14 17 92 109 0 0 0 1 0 1 0 0 0 1 1 0 0 0 0 0 0 0

Dense Aggregate PL02-A3 41 14 55 34 89 6 1 12 3 16 95 111 1 1 2 0 0 2 4 2 6 2 8 0 0 0 0 0 0 0

Dense Aggregate PL06-A1 40 9 49 111 160 15 17 28 3 48 175 223 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Dense Aggregate PL07-A2 9 0 9 260 269 6 47 15 2 64 275 339 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Dense Aggregate PL08-A3 8 0 8 286 294 9 29 69 16 114 303 417 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Hidden Aggregate PL08-A2 3 0 3 3 6 1 1 1 0 2 7 9 11 0 11 5 16 16 0 0 0 32 32 0 1 0 1 0 1 1

R. chacei  Nursery PL02-A2 0 0 0 0 0 0 1 0 0 1 0 1 0 0 0 0 0 0 80 44 124 0 124 0 0 0 0 0 0 0

R. chacei  Nursery PL09-A1&2 0 0 0 0 0 1 0 0 1 1 1 2 0 0 0 4 0 4 135 313 448 4 452 0 0 0 0 0 0 0

Periphery PL09-A3 1 0 1 0 1 14 0 0 0 0 15 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Periphery PL10-A3&4 0 0 0 3 3 24 0 0 1 1 27 28 0 0 0 0 1 0 15 4 19 1 20 0 8 3 8 0 11 11

Vicinity of Aggregates PL05-A1&2&3 0 2 2 135 137 7 49 24 17 90 144 234 0 0 0 25 0 25 168 0 168 25 193 0 2 0 2 0 2 2

Vicinity of Aggregates PL08-A1 0 0 0 9 9 3 6 3 0 9 12 21 0 0 0 4 0 4 9 0 9 4 13 1 0 0 1 0 1 1

Vicinity of Aggregates PL10-A1&2 0 0 0 15 15 7 1 1 0 2 22 24 0 0 0 1 2 1 37 1 38 3 41 4 1 0 0 0 0 0

Dense Aggregate PL15-A2 2 0 2 101 103 23 6 34 19 59 126 185 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Dense Aggregate PL15-A3 2 0 2 245 247 25 17 34 3 54 272 326 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Dense Aggregate PL19-A4&5 6 1 7 219 226 39 51 28 18 97 265 362 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0

Dense Aggregate PL14-A3 0 0 0 314 314 1 17 5 1 23 315 338 0 0 0 2 6 2 2 2 4 8 12 0 2 0 2 0 2 2

Dense Aggregate PL16-A5 20 1 21 34 55 10 0 0 4 4 65 69 1 1 2 2 4 4 0 0 0 8 8 0 0 0 0 0 0 0

Dense Aggregate PL18-A1&2 34 2 36 79 115 7 2 5 31 38 122 160 0 0 0 1 0 1 0 0 0 1 8 0 0 0 0 0 0 0

Dense Aggregate PL20-P1 11 12 23 90 113 8 3 3 15 21 121 142 3 0 3 6 1 9 0 0 0 10 10 0 0 0 0 0 0 0

Dense Aggregate PL20-A1 0 1 1 121 122 23 48 16 6 70 145 215 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Dense Aggregate PL20-A2 0 0 0 69 69 5 67 10 4 81 74 155 0 0 0 1 0 1 1 0 1 1 2 0 1 0 1 0 1 1

Hidden Aggregate PL14-A1 0 0 0 0 0 1 0 0 1 1 1 2 7 0 7 40 24 47 9 19 28 71 99 1 8 2 9 1 11 12

R. chacei  Nursery PL15-A4 0 0 0 4 4 0 2 0 1 3 4 7 0 0 0 1 0 1 4 19 23 1 24 0 0 0 0 5 0 5

R. chacei  Nursery PL17-A1&2&3 0 0 0 5 5 3 0 3 5 8 8 16 0 0 0 3 0 3 17 70 87 3 90 0 5 0 5 8 5 13

R. exoculata Nursery PL15-A1 0 0 0 12 12 3 10 32 100 142 15 157 0 0 0 0 0 0 0 2 2 0 2 0 0 0 0 0 0 0

R. exoculata Nursery PL19-A3 0 0 0 11 11 4 7 33 117 157 15 172 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Periphery PL19-A1&2 0 0 0 4 4 19 1 2 5 8 23 31 0 0 0 2 2 2 0 1 1 4 5 0 5 1 5 0 6 6

Periphery PL14-A2 0 0 0 1 1 9 0 0 0 0 10 10 0 0 0 3 9 3 0 0 0 12 12 0 0 0 0 0 0 0

Periphery - Mirocaris PL20-A3&4&5 1 1 2 12 14 14 1 9 5 15 28 43 0 0 0 22 10 22 11 6 17 32 49 28 83 16 111 5 127 132

Sample ID
Rimicaris exoculata Rimicaris chacei Mirocaris fortunata

Assemblage Type
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Table S5. Population structure variability within assemblages on short temporal scale. OF: Ovigerous females; GF: females with developed gonads; NRF: Non-

reproductive females; M: males; Sub: subadult stages; St. B.: stage B juveniles; St. A.: stage A juveniles; J: undetermined juvenile stages (M. fortunata only). 

 

 

 

 

 

 

 

 

 

OF GF NRF M Sub St. B St. A Tot OF GF NRF M Sub St. A Tot OF NRF M J Tot

day 0 Dense Aggregate PL02-A3 41 14 34 6 1 12 3 111 1 1 0 0 4 2 8 0 0 0 0 0

day +10 Hidden Aggregate PL08-A2 3 0 3 1 1 1 0 9 11 0 5 16 0 0 32 0 1 0 0 1

day 0 R. exoculata nursery PL15-A1 0 0 12 3 10 32 100 159 0 0 0 0 0 2 0 0 0 0 0 0

day +7 R. exoculata nursery PL19-A3 0 0 11 4 7 33 117 172 0 0 0 0 0 0 0 0 0 0 0 0

day 0 Dense Aggregate PL15-A3 2 0 245 25 17 34 3 326 0 0 0 0 0 0 0 0 0 0 0 0

day +7 Dense Aggregate PL19-A4&5 6 1 219 39 51 28 18 362 0 0 0 0 0 1 0 0 0 0 0 0

day 0 R. chacei nursery PL15-A4 0 0 4 0 2 0 1 7 0 0 1 0 4 19 24 0 0 0 5 5

day +5 R. chacei nursery PL17-A1&2&3 0 0 5 3 0 3 5 16 0 0 3 0 17 70 90 0 5 0 8 13

day 0 Dense Aggregate PL18-A1&2 11 12 90 8 3 3 15 142 3 0 6 1 0 0 10 0 0 0 0 0

day +2 Dense Aggregate PL20-P1 34 2 79 7 2 5 31 160 0 0 1 0 0 0 8 0 0 0 0 0

Sample IDAssemblage Type
Period between 

sampling

Rimicaris exoculata Mirocaris fortunataRimicaris chacei
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3.2 Additional results 
 

Although it is still unclear on how it will be integrated to the study, a temporal comparison at a large temporal scale could be realized as well by 

comparing the 2018 samples presented earlier with the samples of 2014, and also with the shrimp samples collected in 2017, that were sorted during this 

thesis. The number and the type of habitat samples are a bit more limited but the data should be sufficient to establish comparison at the whole population 

level at least for R. exoculata. This table summarize the samples obtained in 2017 (Table S6). One strong issue, though, is the absence of detailed examination 

on several individuals that were only identified as adults or immature specimens without any informations on their sex or juvenile stages. This create a 

difference between the total number of adults or immature individuals and their number per sex or per stages in some assemblages that are indicated in bold 

in Table S6. 

 

Table S6. Detailled individual number of the different life stages for R. exoculata and R. chacei shrimps from and Snake Pit, for the different collected 

assemblages in 2017 during the HERMINE cruise. OF: Ovigerous females; GF: females with developed gonads; RF: Reproductively active females (OF + GF); 

NRF: Non-reproductive females; Ftot: All females; M: males; Sub: subadult stages; St. B.: stage B juveniles; St. A.: stage A juveniles; Imm: immature life stages 

(juveniles + subadults); Ad: Adult life stages; n: total individuals. 

OF GF RF NRF Ftot M Sub St. B St. A Imm Ad n OF GF RF NRF M Ftot Sub St. A Imm Ad n

Snake Pit Dense Aggregate PL02-A1 0 0 0 25 25 2 1 2 0 3 27 30 0 0 0 1 0 1 0 0 0 3 3

Snake Pit Dense Aggregate PL02-A4 0 0 1 697 698 5 182 47 11 240 713 953 0 0 0 0 0 0 0 0 0 0 0

Snake Pit Dense Aggregate PL02-A5 0 0 0 48 48 4 4 2 4 10 52 62 0 0 1 1 0 0 0 0 0 2 2

Snake Pit R. chacei Nurseries PL02-A2 0 0 0 3 3 1 0 0 0 0 4 4 0 0 0 0 0 0 2 100 122 0 122

Snake Pit
Vicinity of Aggregates 

+ Aggregate mixed
PL02-A3 0 0 0 162 162 2 99 79 106 306 164 460 0 0 0 0 0 0 0 0 0 0 0

TAG Dense Aggregate PL10-A2 0 0 0 57 57 6 1 0 0 1 63 64 0 0 0 0 2 2 8 15 23 3 26

TAG Dense Aggregate PL10-A5 0 0 0 131 131 8 2 2 2 6 154 160 0 0 0 0 0 0 0 0 0 3 3

TAG Dense Aggregate PL13-A1-A5 0 0 15 162 177 87 26 90 13 139 264 403 0 0 0 0 0 2 0 0 4 2 6

TAG R. chacei Nurseries PL10-A1 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 11 75 95 0 95

Vent Field / Edifice Assemblage Type Sample ID
Rimicaris exoculata Rimicaris chacei
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The aim of this study was to confirm the seasonality of the R. exoculata reproduction by 

comparing the data from 2014 with two new batches of ovigerous females collected in 2017 and 2018. 

In addition to evaluate reproductive periodicity, the objectives of this comparison were also to assess 

the interannual variations of the reproductive output – egg number, egg volume and brood volume – 

of R. exoculata. The large collection of ovigerous females of R. chacei and R. exoculata in 2018 also 

enables us to describe the reproductive characteristics of R. chacei for the first time as well as those 

of M. fortunata in a period of the year still unexplored for this species. Data from the 2017 expedition 

were collected by Dr. Pradillon whereas those collected from 2018 during the BICOSE 2 expedition 

were, again, part of this thesis work. Ovigerous females were sorted individually on board, and egg 

stages were also identification on fresh material. Measures and egg count were conducted in the 

laboratory.  

In addition to this, this work also attempts to identify environmental cues that could 

potentially synchronize the seasonality of R. exoculata reproduction. Although previous studies 

(Copley and Young, 2006; Nye et al., 2013) strongly suggested that the variations of the photosynthetic 

surface production were synchronizing the reproduction of other alvinocaridids, many evidences do 

not really support this hypothesis in the case of R. exoculata. Among others, the strong oligotrophic 

character of the water column above these vent fields, the existing but very limited variations across 

seasons and the depth, much lower than for any studies where surface production was related to 

reproductive periodicity, are all weakening this hypothesis. Looking at R. kairei population samples 

available at Jamstec (Japan) gave me an opportunity to compare two sister species living at comparable 

lattitudes but in opposed hemispheres (R. kairei is found on Indian Ridges). In these contrasting 

locations, surface production follows an opposite seasonal pattern, and if reproduction of shrimps is 

driven by this factor. Then both species are expected to exhibit opposite reproductive seasonality.   

A fruitful exchange with the JAMSTEC thus allowed to explore this question looking at 

ovigerous females of R. kairei, the sister species of R. exoculata from the Central Indian Ridge. I 

analysed the ovigerous females collected by Dr. Chen in 2016 (during an expedition led by the 

JAMSTEC), during a stay at JAMSTEC in June 2019. With these materials, interspecific variations 

between R. exoculata and its co-occurring species or with its sister species from another 

biogeographical region were assessed, ultimately aiming at determining whether reproductive 

seasonality was linked to the seasonal variations of the photosynthetic primary production around the 

globe, or not.  

This work is still in progress, and remains uncompleted compared to the previous ones. New 

data of R. kairei could be available with the JAMSTEC video databases and the results of this study still 

need to be put into perspective with the current bibliography. 
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4.1.1 Introduction 

Deep sea chemosynthetic ecosystems, hosting very dense and specific faunal communities, 

are distributed widely in the ocean but also patchily, forming isolated oases of life for a specialized 

range of organisms (Beaulieu et al., 2013; Levin and Sibuet, 2012). Additionally, these places are also 

ephemeral owing to their geological instability, especially in the case of hydrothermal vents. Indeed, 

several extinct vent fields have been observed, and more exceptionally catastrophic eruptions that led 

to the collapse of entire faunal communities have also been witnessed (Fornari et al., 2012; Lalou et 

al., 1985; Rona et al., 1993). Particular life history traits, such as the reproduction, are therefore of 

critical importance for the maintenance of their population and for the establishment in other vent 

fields. Rather than a single strategy adapted to chemosynthetic ecosystems, it is apparent that vent 

and cold seeps fauna exhibit a wide diversity of reproductive patterns constrained by phylogenetic 

relationships (Tyler and Young, 1999; Van Dover et al., 1985). 

Sampling difficulties in these ecosystems have hampered the establishment of temporal 

studies of reproductive patterns. These limitations have slowed down a comprehensive understanding 

of reproductive cycles in these environments that can only be determined by sampling at regular 

interval over a period of time related to the assumed periodicity of the cycle (Tyler and Young, 1999). 

Therefore, many studies exploring this periodicity often reported data of composite years with many 

months missing. For some times, it was believed that, in the absence of sunlight and thus of the 

seasonality induced by the sunshine (such as temperature, day length, phytoplankton blooms…) deep-

sea species reproduction was continuous and independent of these seasonal factors (Orton, 1920). 

Nonetheless, while continuous reproduction was indeed  observed in many vent and cold seep species 

(Copley et al., 2003; Faure et al., 2007; Hilario et al., 2005; Matabos and Thiebaut, 2010; Tyler et al., 

2008), some studies suggested the existence of seasonal variations in the reproduction of others. 

Among them, some vesicomyid clams (Lisin et al., 1997), bathymodiolin mussels (Comtet and 

Desbruyères, 1998; Dixon et al., 2006; Tyler et al., 2007) and different crustaceans families (Copley and 

Young, 2006; Perovich et al., 2003) exhibited seasonal patterns in their gametogenesis, brooding or 
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spawning periods.  For instance in bathymodiolin mussels  – including those from Atlantic vent sites – 

spawning period correlates with the surface primary production, preceding the phytoplankton peak of 

late winter to early spring (Dixon et al., 2006; Laming et al., 2018; Tyler et al., 2007). This suggests that 

the surface primary production could act as a reproductive cue, synchronizing individuals to 

spawn/breed at the same period of the year.  

 With a wide geographical distribution in many cold seeps and almost all major hydrothermal 

vent biogeographic provinces, alvinocaridid shrimps constitute one of the major group among the 

endemic fauna retrieved in chemosynthetic ecosystems (Lunina and Vereshchaka, 2014; Nye et al., 

2012). Although their egg remains much smaller than those of some vent decapod crustaceans like 

Kiwa crabs or Munidopsis squat lobsters (Marsh et al., 2015; Van Dover et al., 1985), some variability 

in the alvinocaridid egg size was reported with a trade-off between egg size and fecundity. The ones 

with the lowest fecundity – like Alvinocaris stactophila, Mirocaris fortunata – present also larger eggs 

than shrimp species with higher fecundity like Alvinocaris muricola (Copley and Young, 2006; Ramirez-

Llodra et al., 2000; Ramirez-Llodra and Segonzac, 2006). Seasonality has also been confirmed in the 

gametogenesis and brooding periods for some of these shrimps like A. stactophila (Copley and Young, 

2006), although this pattern remains unclear for others, such as A. muricola (Ramirez-Llodra and 

Segonzac, 2006). Like the bathymodiolin mussels, the brooding period of A. stactophila between 

winter and early spring correlates with the surface primary production (Copley and Young, 2006). A 

similar brooding period was also hypothesized for R. hybisae from the Mid Cayman Rise with ovigerous 

females present in high proportions in January 2012, and to a lower extend in February 2018 (around 

50% and 7% of all females, respectively) (Nye, 2013; Nye et al., 2013) whereas they were not reported 

in August 2011 and July 2013 (Nye et al., 2013; Watanabe, personnal communication). 

Reproductive features observed in R. exoculata, the most studied species of this family, and in 

one of its co-occurring species in the Mid Atlantic Ridge (MAR), R. chacei, were faced for a long time 

with contradicting evidences. While oocyte-size frequency analyses revealed an absence of 

synchronicity in the gametogenesis of these species, suggesting a continuous reproduction, brooding 

females were lacking at all the sampling periods examined at that time (Ramirez-Llodra et al., 2000). 

On the other hand, gametogenesis of Mirocaris fortunata, another co-occurring species, was also 

asynchronous but brooding females could be regularly sampled in different vent fields (Komai and 

Segonzac, 2003; Ramirez-Llodra et al., 2000). It is only recently, that a large number of brooding 

females were collected  between January and early February 2014, at a period of the year that had not 

been sampled before (Hernández-Ávila, 2016). These females were found in the dense aggregates of 

shrimps close to the vent fluid emissions, discarding the previous theory of a brooding migration out 

of the harsh vent emissions (Hernández-Ávila, 2016). These findings suggest a seasonal reproduction 

for R. exoculata, like A. stactophila from cold seeps, although annual observations at this same period 

are required to confirm such pattern. Reproductive features of R. chacei were scarcely studied and 

remain unclear.  

 Similarly, no reproductive studies have been conducted on R. kairei, the sister species of R. 

exoculata, sharing a similar ecology and morphology (Watabe and Hashimoto, 2002). This species 

presents indeed a strongly inflated cephalothorax and lives in dense aggregates close to vent fluid 

emissions in the Central Indian Ridge (CIR) (Van Dover, 2001). Although both species appear very 

similar in their ecology, they differ markedly in their location since R. kairei inhabits vent fields that are 
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all located in the Southern Hemisphere, according to our current knowledge of its distribution. This 

also contrasts with all the other reproductive studies conducted on alvinocaridids, which were all 

distributed in the Northern Hemisphere (Copley and Young, 2006; Hernández-Ávila, 2016; Nye et al., 

2013; Ramirez-Llodra et al., 2000; Ramirez-Llodra and Segonzac, 2006; Van Dover et al., 1985). More 

specifically, some vent fields of the CIR, such as Kairei (25°S) and Edmond (23°S), are located at 

opposed latitudes to those where some vent fields of the MAR hosting R. exoculata, such as TAG (26°N) 

and Snake Pit (23°N), are located. Therefore, if R. kairei has a seasonal reproduction like R. exoculata, 

and assuming that photosynthetic production sinking from the surface is a synchronizing factors in 

these species like in Bathymodiolin mussels, then, brooding periods at opposite periods of the year 

should be observed in these two species.  

Here we expand initial observations by Hernández-Ávila et al 2016, suggesting seasonality in 

R. exoculata, by analyzing shrimps populations sampled in two additional consecutive years at slightly 

different periods, and by including observations in other species of the family. The aims of this study 

were thus (i) to confirm seasonal patterns in R. exoculata by assessing the pluriannual variation of its 

reproduction, and (ii) determine whether such seasonality was linked to regional cues by assessing the 

reproduction of co-occurring species of the same family, R. chacei and M. fortunata, at the same period 

as well as with a closely related species, R. kairei, but with a different location. 

 

4.1.2 Materials & Methods 

4.1.2.1 Field sampling 

Shrimps were collected directly with the suction sampler of the French HOV Nautile (BICOSE 

2, HERMINE), the HOV Shinkai 6500 (YK16-E02) or the ROV Victor 6000 (BICOSE). For the MAR species, 

samples were collected during the BICOSE expedition (10th January – 11th February 2014), HERMINE 

expedition (15th March 2017 – 28th April 2017) and the BICOSE 2 expedition (26th January 2018 – 10th 

March 2018), on board of the R/V Pourquoi Pas?, at the Snake Pit (23°22.1’N 44°57.1’W, 3470 m depth) 

and the TAG (26°08.2’N, 44°49.5’W, 3620 m depth) hydrothermal vent fields (Fig 69A.). R. kairei 

samples were collected during the YK16-E02 expedition (4th February – 2nd March 2016) on board of 

the ship R/V Yokosuka at the Kairei (25°19’10’’S, 70°2’24’’E, 2415 m depth) and Edmond (23°52’43.8’’S, 
69°35’.45.6’’E, 3290 m depth) vent fields of the CIR (Fig 69B.). 

Upon recovery on board the ship, ovigerous females of R. exoculata, R. chacei and M. fortunata 

were identified and individually sorted from the rest of the population. Ovigerous females include both 

brooding females and hatched females that had just released their larvae but still had the modified 

pleopods characteristic of the brooding period. The number of females examined for each species in 
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samples from the different vent fields and expeditions are summarized in Table 10. For R. kairei, 

ovigerous females were identified and sorted from the rest of the population in the laboratory.  

Fig 70. Maps of the studied areas. A. Map of the North Mid Atlantic Ridge (NMAR) where R. exoculata, 
R. chacei and M. fortunata have been sampled. B. Map of the South West Indian Ridge (SWIR), South 
East Indian Ridge (SEIR) and of the Central Indian Ridge (CIR) where R. kairei shrimps were sampled. 
White circle: vent fields of the areas where the studied alvinocaridids are present. Red circle: Vent 
fields sampled for this study. *vent fields where only R. chacei and M. fortunata are present 

Egg stages in broods were identified on board for ovigerous females collected during the 

BICOSE 2 expedition, before being fixed in 10% neutral buffered formalin for 24h and then rinsed and 

stored in 80% EtOH. For shrimps of other expeditions, ovigerous females were fixed and stored in 10% 

formalin on board whereas the identification of egg stages was conducted in the laboratory.  

Eggs in broods were classified in three developmental stages (early, mid and late) according to 

the  classification used in (Methou et al., 2019a) and the BICOSE study (2014) (Hernández-Ávila, 2016):  

- Early stage : from one-cell embryos to fully segmented embryos (blastula); 

- Middle stage includes embryos at the gastrulation (a clear area starts to be visible at one 

pole of the egg)  to embryos showing early differentiation of larval structures; 

- Late stage includes embryos with advanced development of larval structures and eyespots 

visible through the egg envelope. 

4.1.2.2 Shrimps and Eggs Measurements 

Some brooding females harbored damaged or aborted broods and were discarded from the 

reproductive analysis (relative fecundity, egg and brood volumes and egg stages proportions (Table 

10.). Carapace length (CL) was determined to the nearest 0.1 mm with Vernier calipers from the rear 

of the eye socket to the rear of the carapace in the mid-dorsal line.  
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For each brood, the total number of eggs was manually counted. Ten eggs were randomly 

selected, and both their maximum and minimum diameters were measured. The volume of embryos 

was estimated according to (Oh and Hartnoll, 2004), considering a spheroid volume as v= (4/3)π.r1.r22, 

where r1 and r2 are the half of the maximum and the minimum axis of the egg, respectively.  

Table 10. Summary of the ovigerous females collected with the number of brooding females, females 
with hatched broods and females with damaged broods. Mean CL size of the brooding females of each 
species or sampling year per vent fields were also given, as well as their minimum and maximum sizes. 

4.1.2.3 Statistical analysis 

Alvinocaridid ovigerous females were grouped according to either the sampling year or species 

and according to their vent field origin. Visual examination of our dataset and Shapiro-Wilk normality 

tests revealed that the size, the egg number and the egg volume of R. exoculata brooding females 

collected during the BICOSE 2 expedition were not following a Gaussian distribution. Therefore, non-

parametric tests were used for intergroup comparison, with a Kruskal-Wallis test followed by post-hoc 

pairwise Wilcoxon test when three or four groups were compared. All tests were performed using R 

version 3.5.1. 

4.1.3 Results 

4.1.3.1. Interannual variation of R. exoculata reproduction 

As in 2014 (Fig 70A., Spearman correlation r= 0.67, p < 0.0001), the realized fecundity of R. 

exoculata from 2018 correlated positively with the carapace length (CL) (Fig 70A., Spearman 

correlation r= 0.72, p < 0.0001). Moreover, the slope of the relationship between the loge-transformed 

realized fecundity and the loge-transformed carapace length did not significantly differ between TAG 

and Snake Pit in 2018 (Fig 70A., F = 0.004 p = 0.95) neither than between 2014 and 2018 (Fig 70A., F = 

1.175 p = 0.28). However, no correlation could be observed in 2017 (Fig 70A., Spearman correlation r= 

0.38, p = 0.16), although this could be related to the lower sampling effort, as their realized fecundity 

fall in the range of those from the other sampling years.  

Type of females Ovigerous females Hatched females Dammaged

Indivual number (n) or Carapace lenght (CL) ( in mm) n n mean sd min max n n

Rimicaris exoculata (BICOSE 2014) TAG 81 47 15.7 1.4 12 18.3 4 30

Rimicaris exoculata (BICOSE 2014) Snake Pit 55 45 17.5 1.4 15 20.5 9 1

Rimicaris exoculata (HERMINE 2017) TAG 17 14 16.8 0.9 15.3 18.2 2 1

Rimicaris exoculata (HERMINE 2017) Snake Pit 2 1 - - - - 1 0

Rimicaris exoculata (BICOSE 2 2018) TAG 114 103 17 1.4 14.1 20.1 3 8

Rimicaris exoculata (BICOSE 2 2018) Snake Pit 80 43 20 2.4 15.5 23.8 14 23

Rimicaris exoculata (BICOSE 2 2018) The Beehive only 14 10 17.1 1.5 15.5 20.8 2 2

Rimicaris exoculata (BICOSE 2 2018) The Moose only 65 33 22 1.9 17.3 23.8 11 21

Rimicaris kairei (YK16-E02 2016) Kairei 51 45 20.8 1 18.2 23 2 4

Rimicaris kairei (YK16-E02 2016) Edmond 2 1 - - - - 1 0

Rimicaris chacei (BICOSE 2 2018) TAG 12 12 17.3 2.5 12.9 20.2 0 0

Rimicaris chacei (BICOSE 2 2018) Snake Pit 11 8 16.2 3.8 11.8 21.8 2 1

Mirocaris fortunata  (BICOSE 2 2018) TAG 3 2 9.3 1.5 8.2 10.3 0 1

Mirocaris fortunata  (BICOSE 2 2018) Snake Pit 31 12 8.9 1.1 7.7 10.2 8 11

Brooding females
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Fig 71. Interannual variations of R. exoculata fecundity between 2014 (BICOSE), 2017 (HERMINE) and 
2018 (BICOSE 2) at TAG and at Snake Pit. A. Variation of loge-transformed minimum realized fecundity 
with loge-transformed carapace length B. Fecundity corrected for body size (carapace length). n: 
number of individuals measured. C. Brood volume, i.e. the number of egg multiplied by their individual 
volume. 

In general, differences could be observed between the sizes of R. exoculata brooding females 

between the different sampling years for a given vent site (Kruskal-Wallis, H= 81.52, p < 0.05) (Table 

10.). However, brooding females collected in 2018 were bigger than the brooding females collected in 

2014 both at TAG (2018: 17.0 ± 1.35 mm; 2014: 15.7 ± 1.43 mm; Dunn’s Multiple Comparison Test, p 

< 0.05) and at Snake Pit (2018: 20.0 ± 2.38 mm; 2014: 17.5 ± 1.37 mm; Dunn’s Multiple Comparison 
Test, p < 0.05). This difference in body size between brooding females in 2014 and in 2018 was mostly 

related to the collections of individuals from The Moose edifice in 2018 only, which were significantly 

bigger than those collected from The Beehive edifice in 2018 (The Beehive 2018: 17.1 ± 1.53 mm; The 

Moose 2018: 20.8 ± 1.85 mm; Dunn’s Multiple Comparison Test, p < 0.05). Indeed, if the individuals 

from the Moose are excluded from the 2018 dataset, brooding females body sizes were rather similar 

between the 2014 and 2018 sampling (2018: 17.1 ± 1.53 mm; 2014: 17.5 ± 1.37 mm; Dunn’s Multiple 
Comparison Test, p > 0.05). No differences could be observed however between brooding females 

collected in 2017 with those collected in 2014 or 2018 (TAG, 2017: 17.1 ± 1.53 mm). Moreover, for a 

given sampling year, brooding females of R. exoculata were bigger at Snake Pit than at TAG, both in 

2014 and in 2018, (Dunn’s Multiple Comparison Test, p < 0.05). Unfortunately, with only one brooding 

female collected at Snake Pit in 2017, no comparison could be made between TAG and Snake Pit with 

this sampling year.  
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Therefore, the few differences in the realized fecundity of brooding females between the 

different sampling years (Kruskal-Wallis, H= 65.025 p < 0.05) (Fig 70B.) could be attributed to their 

variations in body size and a non-linear relationship between fecundity and body size for these species. 

Indeed, differences in the relative fecundity of R. exoculata could be observed mostly between 2014 

and 2018 at TAG (2014: 37.3 ± 11.4; 2018: 49.4 ± 12.9; Dunn’s Multiple Comparison Test, p < 0.05). 
Differences were also observed in the relative fecundity of the two vent fields both in 2014 (TAG: 37.3 

± 11.4; Snake Pit: 59.3 ± 13.4 mm; Dunn’s Multiple Comparison Test, p < 0.05) and in 2018 (TAG: 49.4 

± 12.9; Snake Pit: 69.4 ± 31.2 mm; Dunn’s Multiple Comparison Test, p < 0.05). Accordingly, whereas 

the greatest realized fecundity in 2014 was 1879 eggs in an individual from the Snake Pit vent field 

with a CL of 19.8 mm, the greatest realized fecundities in 2017 and 2018 were respectively of 1443 

eggs in an individual from the TAG vent field with a CL of 18.1 mm and of 2949 eggs in an individual 

from the Snake Pit vent field with a CL of 22 mm. Overall, size-specific fecundity ranged from 10.8 to 

94.9 eggs.mm-1 in 2014, from 15.3 to 79.7 eggs.mm-1 in 2017 and from 10.3 to 134 eggs.mm-1 in 2018. 

Similarly, differences in brood volume could only be observed between vent fields (Kruskal-Wallis, H= 

8.1146 p < 0.05). A larger brood volume at Snake Pit for the females collected in 2014 (TAG: 93 ± 39.4; 

Snake Pit: 182 ± 62 mm; Dunn’s Multiple Comparison Test, p < 0.05) or in 2018 (TAG: 109 ± 38.5; Snake 

Pit: 203 ± 112 mm; Dunn’s Multiple Comparison Test, p < 0.05), (Fig 70C.). No variation in the brood 

volumes were observed between sampling years either at TAG or at Snake Pit (Fig 70C.) 

Fig 72. Interannual variations of R. exoculata egg volume and egg stages between 2014 (BICOSE), 2017 
(HERMINE) and 2018 (BICOSE 2) at TAG and at Snake Pit. A. Egg volumes of R. exoculata from TAG at 
different egg stages. B. Egg volumes of R. exoculata from TAG at different egg stages. C. Egg stages 

proportion of R. exoculata. 

Differences in egg volume between sampling years were also limited, either for early (Kruskal-

Wallis, H= 34.21 p < 0.05), mid (Kruskal-Wallis, H= 60.06 p < 0.05), or late stage eggs (Kruskal-Wallis, 

H= 44.44 p < 0.05). Still, a larger egg volume was observed in 2014 compared to the other sampling 

years for both mid and late stage eggs at TAG and at Snake Pit (Fig 71A. and 71B.; Dunn’s Multiple 
Comparison Tests, p < 0.05). This difference was related to an observer effect, since the 2014 dataset 

was produced separately in a previous study (Hernández-Ávila, 2016). A sub-sample of the broods 

examined in the 2014 dataset were measured again by the observer who produced the 2017 and 2018, 

datasets. This re-examination revealed a significant difference in the calculated egg volume but also in 

the measured maximum and minimum diameters between the two observers (Fig S6.). Accordingly, 

no difference could be observed between the re-examined 2014 subsample and the 2017 and 2018 

samples treated by the same observer (Fig S6.). The proportions of each developmental stage were 
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rather similar at TAG between 2014 and 2017 (Fig 71C.; χ2 = 0.546; 2 df; p > 0.05) with a majority of 

broods with eggs at the middle stage (2014: 37.8 %; 2017: 46.2 %), around a third of the broods with 

eggs at early stage (2014: 35.6 %; 2017: 30.8 %) and a minority of broods with eggs at late stage (2014: 

26.6 %; 2017: 23.1 %). However, these proportions differ for 2018 compared to the 2014 sampling 

both at TAG (Fig 71C.; χ2 = 27.938; 2 df; p < 0.05) and at Snake Pit (Fig 71C.; χ2 = 58.493; 2 df; p < 0.05). 

Indeed, the majority of the 145 R. exoculata broods in 2018 were not at a middle stage of development 

but at late stage of development both at TAG (52 %) and at Snake Pit (53.5 %). Then, almost a third of 

the broods were at middle stage of development (TAG: 31.3 %; Snake Pit: 30.2 %) whereas broods with 

early stage eggs were in minority (TAG: 16.7 %; Snake Pit: 16.3 %).  

4.1.3.2. Interspecies comparison between R. exoculata, its sister species and 

its co-occurring species  

As for R. exoculata (Fig 72A., Spearman correlation r= 0.67, p < 0.0001), the realized fecundity 

of R. kairei, R. chacei and M. fortunata correlated positively with the carapace length (CL) (Fig 72A.; 

Spearman correlation: R. kairei: r= 0.40, p = 0.0055; R. chacei: r= 0.66, p = 0.0015; M. fortunata: r= 

0.93, p = 0.00024). Moreover, the slopes of the relationship between the loge-transformed realized 

fecundity and the loge-transformed body size did not significantly differ between R. exoculata and its 

co-occurring species: R. chacei (Fig 72A., F = 1.6168 p = 0.2054). However, they significantly differ 

between R. exoculata and the two other species, R. kairei (Fig 72A., F =6.6376 p < 0.05) and M. 

fortunata (Fig 72A., F = 3.4474 p 0.0653). 

 We observed differences between the size of the collected individuals of R. exoculata and its 

sister species R. kairei (Kruskal-Wallis H= 104.11, p < 0.05) (Table 10.). R. kairei brooding females from 

Kairei were bigger than R. exoculata brooding females from TAG (R. exoculata: 17 ± 1.35 mm; R. kairei: 

20.8 ± 1 mm; Dunn’s Multiple Comparison Test, p < 0.05) but of similar size compared to those from 

Snake Pit (R. exoculata: 20 ± 2.38 mm; R. kairei: 20.8 ± 1 mm; Dunn’s Multiple Comparison Test, p > 
0.05). No clear variation could be observed between the relative fecundity of R. exoculata and R. kairei 

(Kruskal-Wallis H= 10.674, p < 0.05), (Fig 72B.), except a slightly higher relative fecundity for R. kairei 

from Kairei compared to R. exoculata from TAG (R. exoculata: 49.4 ± 12.9; R. kairei: 72.4 ± 20.2; Dunn’s 
Multiple Comparison Test, p < 0.05). For R. exoculata, the greatest realized fecundity was 2949 eggs in 

an individual from the Snake Pit vent field with a CL of 22 mm, whereas for R. kairei, the greatest 

realized fecundity was 2439 eggs in an individual from the Kairei vent field with a CL of 21.8 mm. 

Overall, size-specific fecundity ranged from 10.3 to 134 eggs.mm-1 for R. exoculata and from 22.6 to 

112 eggs.mm-1 for R. kairei. Similarly, few differences in brood volume were observed between the 

two species (Kruskal-Wallis H= 59.05, p < 0.05) with only larger brood volume for R. kairei compared 

to R. exoculata at TAG (R. exoculata: 109 ± 38.5; R. kairei: 194 ± 57.9; Dunn’s Multiple Comparison 
Test, p < 0.05), (Fig 72C.). Brood volume of R. kairei and R. exoculata from Snake Pit were however 

similar (Dunn’s Multiple Comparison Test, p > 0.05), (Fig 72C.).  
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Fig 73. Interspecific variations of alvinocaridid fecundity between R. exoculata, R. chacei and M. 

fortunata at TAG and at Snake Pit and R. kairei at Kairei and Edmond. A. Variation of loge-transformed 
minimum realized fecundity with loge-transformed carapace length B. Fecundity corrected for body 
size (carapace length). n: number of individuals measured. C. Brood volume, i.e. the number of egg 
multiplied by their individual volume. 

Differences in egg volume between R. exoculata and R. kairei were very limited (Kruskal-Wallis, 

p < 0.05) with only slightly larger egg volume for early and mid-stage eggs (Dunn’s Multiple Comparison 
Test, p > 0.05) of R. kairei from Kairei (early: 0.120 ± 0.0156 mm3; mid: 0.138 ± 0.0151 mm3) compared 

to similar stage eggs of R. exoculata from TAG (early: 0.106 ± 0.0113 mm3; mid: 0.120 ± 0.0133 mm3), 

(Fig 73A.). The proportion of each developmental stage for R. kairei from Kairei was quite different 

from those of R. exoculata sampled in 2018 at TAG (χ2 = 65.161; 2 df; p < 0.05) or at Snake Pit (χ2 = 

84.837; 2 df; p < 0.05), (Fig 73B.). Broods with eggs at early and middle stage were found in equivalent 

proportion (respectively 46.7% and 48.9%) whereas very few broods with late stage eggs were sampled 

(4.4%) in R. kairei (Fig 73B.). 

Large differences in relative fecundity were observed between R. exoculata and its co-

occurring species on the MAR (Kruskal-Wallis H= 52.38, p < 0.05), and were not only related to size 

differences (Table 10.). Indeed, R. chacei brooding females were either smaller than the R. exoculata 

brooding females for Snake Pit individuals (R. exoculata: 20 ± 2.38 mm; R. chacei: 16.2 ± 3.83 mm; 

Dunn’s Multiple Comparison Test, p < 0.05) or of similar size for TAG (R. exoculata: 17 ± 1.34 mm; R. 

chacei: 17.3 ± 2.5 mm; Dunn’s Multiple Comparison Test, p > 0.05). However, R. chacei relative 

fecundity was always significantly greater than relative fecundity of R. exoculata both at TAG (R. 

exoculata: 49.4 ± 12.9; R. chacei: 129 ± 59.3; Dunn’s Multiple Comparison Test, p < 0.05) and at Snake 
Pit (R. exoculata: 69.4 ± 31.2; R. chacei: 132 ± 91.2; Dunn’s Multiple Comparison Test, p < 0.05). On the 
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other hand, M. fortunata from Snake Pit were significantly smaller than R. exoculata or any other 

alvinocaridid, but significant variation could be observed in their relative fecundity (M. fortunata Snake 

Pit: 50.1 ± 6.13; Dunn’s Multiple Comparison Test, p < 0.05). The greatest realized fecundity was 5565 
eggs in an individual from the Snake Pit vent field with a CL of 21.8 mm for R. chacei and of 614 eggs 

in an individual from the TAG vent field with a CL of 10.3 mm for M. fortunata. Overall, size-specific 

fecundity ranged from 25.7 to 255 eggs.mm-1 for R. chacei and from 38.8 to 60 eggs.mm-1 for M. 

fortunata. Similarly, differences in brood volume were observed between R. exoculata and its co-

occurring species (Kruskal-Wallis, H= 45.33, p < 0.05), although more limited than between their 

relative fecundity (Fig 72C.). Brood volumes of M. fortunata from Snake Pit were much smaller than 

those of R. exoculata at the same vent field (R. exoculata: 203 ± 112 mm; M. fortunata: 54.8 ± 16.8 

mm; Dunn’s Multiple Comparison Test, p < 0.05). Brood volumes of R. chacei were larger than R. 

exoculata at TAG (R. exoculata: 109 ± 38.5; R. chacei: 222 ± 56.1; Dunn’s Multiple Comparison Test, p 
< 0.05) but were similar at Snake Pit (R. exoculata: 203 ± 112 mm; R. chacei: 215 ± 188; Dunn’s Multiple 
Comparison Test, p < 0.05). No variation was found brood volumes of R. chacei between TAG and Snake 

Pit (Dunn’s Multiple Comparison Test, p < 0.05).  

No significant variation could be observed between the egg volumes of R. exoculata and M. 

fortunata at Snake Pit at any developmental stage (Kruskal-Wallis, p < 0.05), although M. fortunata 

eggs are generally smaller than those of R. exoculata (Fig 73D.). Additionally, although no increase was 

found between early and mid-stages of M. fortunata (early: 0.106 ± 0.0018 mm3; mid: 0.106 ± 0.008 

mm3; Dunn’s Multiple Comparison Test, p < 0.05), a clearly larger egg volume was observed for eggs 

at late stage (late: 0.143 ± 0.0288 mm3; Dunn’s Multiple Comparison Test, p < 0.05). In contrast, egg 

volumes exhibited significant differences between R. exoculata and R. chacei, eggs of the later species 

being significantly smaller at any stage and at any vent sites (Kruskal-Wallis, p < 0.05; Dunn’s Multiple 
Comparison Test, p < 0.05), (Fig 73C. and 73D.). Surprisingly, we did not observe a gradual increase of 

egg volumes between the successive developmental stages of R. chacei, either for TAG individuals 

(mid: 0.098 ± 0.0109 mm3; late: 0.097 ± 0.013 mm3) or for Snake Pit individuals (early: 0.089 ± 0.043 

mm3; mid: 0.082 ± 0.0072 mm3; late: 0.093 ± 0.0131 mm3) (Fig 73C. and 73D.). In addition, no 

difference could be detected between the proportion of broods at the different developmental stages 

in R. exoculata and R. chacei at TAG (χ2 = 84.837; 2 df; p < 0.05) and at Snake Pit (χ2 = 84.837; 2 df; p < 

0.05) or between R. exoculata and M. fortunata (χ2 = 84.837; 2 df; p < 0.05), (Fig 73B.). Proportion of 

broods with eggs at middle or late stage in R. chacei were rather similar at TAG (mid: 25 %; advanced: 

41.7 %) and at Snake Pit (mid: 37.5 %; advanced: 37.5 %) whereas broods with early eggs were in 

minority (TAG: 8.3 %; Snake Pit: 25 %), (Fig 73B.). On the other hand, broods with early and middle 

stage eggs were similar in proportions for M. fortunata at Snake Pit (25 % for both) whereas broods 

with late eggs were the majority (50 %), (Fig 73B.). 
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Fig 74. Interspecific variations of alvinocaridid egg volumes and developmental stages between R. 

exoculata, R. chacei and M. fortunata at TAG and at Snake Pit (BICOSE 2; 2018 only) and R. kairei at 

Kairei and Edmond. A. Egg volumes at different developmental stages of R. exoculata from TAG and 

Snake Pit compared to those of R. kairei from Kairei. B. Egg stages proportions of the different 

alvinocaridids per vent field. C. Egg volumes of co-occurring alvinocaridids from TAG at different egg 

stages. D. Egg volumes of co-occurring alvinocaridids from Snake Pit at different egg stages. 

4.1.3.3. A review of the presence of ovigerous females in R. exoculata, its sister 

species and its co-occurring species along the different sampling years 

 Summarizing 20 years of sampling along the MAR, only four brooding females of R. exoculata 

only were found among the thousands collected in the period of the year between May and November: 

one in August 1985 and two in September 1994 at TAG and one in 2006 at the Mephisto vent site (5°S) 

(Fig 74.). It is only in March 2007, at Logatchev that a larger number of ovigerous females were 

collected although their reproduction was not studied at that time (Fig 74.). Between January and early 

February 2014, an important number of ovigerous were collected with 81 ovigerous females at TAG 

and 55 ovigerous females at Snake Pit constituting respectively 11.5 % and 4.8% of all the females 

collected at these vent fields. Most of these ovigerous females were brooding with 47 brooding 

females and 5 females with hatched broods only at TAG or 49 brooding females and 9 females with 

hatched broods at Snake Pit. Similarly, between February and early March 2018, many ovigerous 

females were retrieved as well, with 114 ovigerous females at TAG – 111 brooding and 3 hatched ones 
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– and 80 females at Snake Pit – 66 brooding and 14 hatched ones – constituting respectively 11% and 

5.6% of all the females collected at these vent fields. These proportions of brooding females varied 

between 3% and 37% in individual samples collected from dense shrimp aggregates at TAG and 

between 0% and 29% in samples from dense shrimp aggregates at Snake Pit, over all the females 

collected in these assemblages. On the 5 dense aggregate assemblages collected at TAG in 2018, 

brooding females were always retrieved whereas brooding females were absent in only 3 dense 

aggregates out of the 10 collected at Snake Pit. These proportions were slightly lower in 2017 between 

late March and April with 18 ovigerous females at TAG – 17 brooding and 1 hatched  – and 2 females 

at Snake Pit – one brooding and 1 hatched  – constituting only 5% and 0.2% of all the females collected 

TAG and Snake Pit respectively. At TAG, these proportions varied between 0% and 18.8% brooding 

females among the total number of females depending on the aggregates, with one aggregate without 

any brooding females out of the three sampled aggregates. At Snake Pit, they varied between 0% and 

0.3% brooding females on all the females depending on the aggregates, with three aggregate without 

any brooding females out of the four sampled aggregates. 

 

Fig 75. Current knowledge on the occurrence of R. exoculata brooding females at different periods of 

the year. Illustration created by Methou from a literature review prepared by Hernández-Ávila. 
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As for R. exoculata, few brooding females of R. chacei have been sampled in the period of the 

year between May and November with only one brooding female collected in June 1994 at Lucky Strike 

(Fig 75A.). However, unlike R. exoculata, only few brooding females were collected between January 

and mid-April until 2018 with only two brooding females collected at Snake Pit in February 2014 (Fig 

75A.). It is only in January-February 2018, that a larger number of ovigerous females were sampled, 12 

– all brooding – at TAG and 11 at Snake Pit – 8 brooding and 3 hatched ones – although they 

represented higher proportions of their populations, respectively 22.6% and 11.2% off all females 

collected at TAG and at Snake Pit. On the other hand, brooding females of M. fortunata could be 

collected at almost every period of the year, especially at Lucky Strike were they are more abundant 

with a large number of brooding individual reported in the period between June and September (Fig 

75B.). Similarly, between January and April, some brooding individuals were reported despite a lower 

sampling at these periods (Fig 75B.). It is only in November 1995 at Snake Pit that no brooding 

individual were reported (Fig 75B.). In January-February 2018, with a greater sampling effort, 31 

ovigerous females – 22 brooding and 9 hatched ones – were collected at TAG and 3 ovigerous females 

– 2 brooding and 1 hatched ones – at Snake Pit representing respectively 11.8% and 21.8% of all the 

ovigerous females collected at TAG and Snake Pit. 

Fig 76. Current knowledge on the occurrence of brooding females from the other studied 
alvinocaridids at different periods of the year. A. R. chacei. B. M. fortunata. C. R. kairei. White bar and 
vent sites symbols represented the cruise for which video data are available in the JAMSTEC data bank 

that could possibly help us to refine our knowledge concerning the periodicity of R. kairei reproduction. 

Unfortunately, available data from different cruises were much scarcer for R. kairei (Fig 75C.). 

Nonetheless, our data from February 2016, report a large presence of ovigerous females at Kairei (79 

ovigerous females representing 8% of the total female population) and some ovigerous individuals at 

Edmond (two ovigerous females representing only 0.5% of the total female population) (Table 11.; Fig 

75C.). These proportions were much more important if only ovigerous females larger than 12 mm in 

CL – the smallest size of ovigerous female recorded for its sister species, R. exoculata – were 

considered, representing 18.6% and 3.6% of the total female population of Kairei and Edmond, 

respectively (Table 11.). These ovigerous females were retrieved in 3 aggregates out of the five 
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sampled at Kairei, representing between 8.8% and 10.4% of the total female population of the 

different samples, and in 1 aggregates out of the four collected at Edmond, representing 1.1% of the 

total female population of this sample (8.7% of the total female population with CL > 12 mm). (Table 

11.). On the other hand, ovigerous were completely absent in the collected shrimps in November 2009 

(Fig 75C.). Other video and image datasets – and potentially shrimp samples – from JAMSTEC (in white; 

Fig 75C.) should be investigated too as well, to obtain a more detailed dataset concerning the 

occurrence of ovigerous females of R. kairei. 

 

Table 11. Number of ovigerous and non-ovigerous – all and superior to 12 mm of CL – and proportions 
of ovigerous females versus the total number of females. 

 

4.1.4 Directions for future discussion 

No variations could be observed in the reproductive output of R. exoculata between our 

different sampling years. The few interannual differences observed for their relative fecundity were 

mostly related to the size of the individuals collected, the larger brooding females producing a much 

higher egg number than the smaller ones. Important differences in terms of egg volumes were also 

observed between the first year of sampling (2014) and the two others (2017 and 2018) although these 

differences seems related to an observer effect or an effect from the material used. Reproductive 

characteristics of R. exoculata appears then to be very stable over years (to be put in perspective with 

temporal patterns in other caridean shrimps from other environments). 

At a regional scale within the MAR, different strategies seems to exist between the different 

alvinocaridid species. R. exoculata and R. chacei are apparently positioned each to one end of the 

fecundity trade-off that exist between egg number and egg volume in alvinocaridids (Table 12.). 

Indeed, R. chacei a much higher relative fecundity than R. exoculata but also a smaller egg volume, and 

both exhibit a relatively similar brood volume – although it might be a bit higher for R. chacei. 

Therefore, differences in terms of maternal investment for brooding might be similar between species, 

although brooding length should also be considered if it differs between the two. M. fortunata 

reproductive output was quite different with a large egg size, such as R. exoculata and a high egg 

number relatively to its size, even if it remains quite low overall in comparison to its co-occurring 

species. The reproductive characteristics of our Snake Pit population, much bigger than those from the 

Ovigerous
Non 

ovigerous

Non ovigerous 

>12mm
%Ovigerous

%Ovigerous 

>12mm

Kairei Total 79 563 346 8 18.59

Edmond Total 2 354 53 0.49 3.64

Kairei1 0 64 35 0 0

Kairei2 0 61 4 0 0

Kairei3 22 101 89 10.38 19.82

Kairei4 23 136 102 8.81 18.4

Kairei5 34 201 116 9.69 22.67

Edmond1 0 30 5 0 0

Edmond2 0 48 10 0 0

Edmond3 0 124 17 0 0

Edmond4 2 152 21 1.14 8.7
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Lucky Strike vent fields, did not exhibit large differences that could not be explained by their body size 

(Table 12.).    

Brooding period in R. exoculata is confirmed to occur at least from January to early April with 

a total absence or a limited presence of brooding individuals between May and November. 

Interestingly, brooding period of R. chacei appears to be similar although the presence of a large 

number of brooding females was only confirmed between February and early March, and potentially 

in January too. Moreover, the absence of brooding females for this species should be taken with 

caution because of the important difficulty to catch these shrimps in general. On the other hand, M. 

fortunata reproduction appears to be continuous or semi-continuous with a presence of brooding 

females in almost every sampling: between June and September or between January and March. No 

informations for March, April, October and December.  

Even if temporal patterns in the recruitment phase and reproductive phase of a species 

lifecycle are not necessarily linked, it is interesting to put in parallel, the discontinuous recruitment for 

R. exoculata and R. chacei with the periodic brooding periods, as well as the continuous or semi-

continuous recruitment for M. fortunata with its continuous or semi-continuous brooding periods 

(Chapter 3).  

At a global scale between the MAR and the CIR, R. kairei from the Kairei vent field exhibit a 

very similar reproductive output in terms of relative fecundity and egg volume – at equivalent 

embryonic stages – compared to its sister species R. exoculata from TAG or Snake Pit. Surprisingly, 

brooding females in this study were collected at the same period than R. exoculata in the month of 

February. Yet, these two species inhabit vent fields with opposed latitudinal positions: Kairei at 25°S 

and TAG and Snake Pit respectively at 26°N and 23°N. Reproduction of R. kairei could also be 

continuous unlike its sister species, however ovigerous females were completely absent from R. kairei 

samples in November 2009. More informations from available data of past expedition might clarify the 

periodicity of this species.  

Therefore, reproduction of these two species is probably not synchronized by the seasonal 

patterns of the surface photosynthetic production, since they are inverted between the two 

hemispheres. Other environmental cues are then synchronizing the periodicity of the reproduction in 

R. exoculata, R. kairei as well as R. hybisae (Nye, 2013) – and possibly R. chacei – (Table 12.), potentially 

temporal patterns that are specific to hydrothermal vents. If such, this should be put in perspective 

with other alvinocaridids from different chemosynthetic ecosystems such as A. stactophila from cold 

seeps, as theses environments do not necessarily share the same environmental cues with 

hydrothermal vent ecosystems. Additionally, since reproductive studies on vent species from the 

South hemisphere are much less studied than those from the North, our results should also be put in 

perspective with other species from chemosynthetic ecosystems that exhibit seasonal patterns.  
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Table 12. Summary of the documented alvinocaridids reproductive characteristics. Updated from Nye et al. (2013) with our recent results 
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4.1.5 Supplementary material 
 

 

Fig S6. Comparison of egg volumes from 2014 (BICOSE Expedition) and from 2018 (Bicose 2) between 
two observers. 
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The Circle of Life 
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« A mesure que la partie s'avance, comment ne pas chercher à s'avouer quelles ont été la part du 

hasard et celle de l'inspiration ? Mais pour que soit accepté un travail, admise une nouvelle façon 

de penser, il faut épurer la recherche de toute scorie affective ou irrationnelle. La débarrasser de 

tout relent personnel, de toute odeur humaine. 

Parcourir la voie royale qui mène une jeunesse balbutiante à une maturité épanouie. Remplacer 

l'ordre des évènements, des découvertes, par ce qui aurait dû être suivi si, au début, la conclusion 

avait été connue. Il y a un rite dans la manière de présenter les résultats scientifiques. 

Un peu comme si l'on écrivait l'histoire d'une guerre d'après les seuls communiqués d’état 
major. » 

La Statue Intérieure, Francois Jacob. 
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E.1 DISCUSSION GÉNÉRALE 

E.1 Discussion générale 

E.1.1 Connaissances et limitations de notre compréhension du cycle 

de vie des alvinocarididés 

Comme résumé précédemment dans la partie présentant ce modèle d’étude (cf. partie 2.1.4), 
de nombreuses avancées ont pu être réalisées ces dernières années dans la compréhension du cycle 

de vie de la crevette hydrothermale Rimicaris exoculata (Cowart et al., 2017; Guri et al., 2012; Komai 

and Segonzac, 2008; Pond et al., 2000; Ramirez-Llodra et al., 2000; Segonzac et al., 1993; Teixeira et 

al., 2012) ou de celui d’autres alvinocarididés (Beedessee et al., 2013; Copley and Young, 2006; Nye et 

al., 2013; Ramirez-Llodra and Segonzac, 2006; Tyler and Dixon, 2000; Watanabe et al., 2016). Plus 

particulièrement, le travail mené par Ivan Hernández-Ávila lors d’une thèse précédente dans ce 
laboratoire a permis de répondre à de nombreuses interrogations qui demeuraient sans réponses 

jusqu’alors (Hernández-Ávila, 2016). Entre autres, la découverte en 2014 (expédition BICOSE) d’un 
nombre important de femelles gravides au sein des agrégats de Rimicaris et donc directement en 

contact avec les fluides hydrothermaux, a permis de rejeter complètement l’hypothèse d’une 
migration de celles-ci vers la périphérie. Cette hypothèse permettait d’expliquer l’absence ou la faible 
présence de femelles gravides observée autour des cheminées et postulait que cette migration serait 

liée à une nécessité de protéger les œufs des hautes températures et des émanations toxiques des 
cheminées hydrothermales (Ramirez-Llodra et al., 2000). Sur cette base, les travaux d’Ivan Hernández-

Ávila ont donc suggéré à la place l’hypothèse d’une reproduction saisonnière s’appuyant sur le fait que 
cette expédition se situait dans une période de l’année (Janvier – début Février) où il n’y avait encore 
jamais eu de récolte de ces espèces (Hernández-Ávila, 2016). De plus, ce même travail a aussi révélé 

l’existence d’une distribution structurée des populations chez cette espèce avec des agrégats près des 

cheminées actives, majoritairement composés de femelles, des groupes de petits juvéniles autour 

d’émissions diffuses et des individus épars trouvés en périphérie à la base de ces cheminées, presque 
exclusivement composés de mâles. Son travail de thèse a aussi permis pour la première fois de décrire 

les premiers stades larvaires de différents alvinocarididés, dont R. exoculata, qui furent collectés dans 

l’environnement à l’aide d’une pompe à larve nouvellement développée au laboratoire (SALSA), là où 

les rares études précédentes sur ces stades avaient été réalisées uniquement avec des larves ayant 

éclos après prélèvement de leur mère (Hernández-Ávila et al., 2015). Ainsi, l’observation détaillée de 
l’anatomie externe de ces larves a révélé de faibles capacités natatoires (absence de pléopodes et 

péréopodes peu développés) ainsi qu’une lécitotrophie primaire (pièces buccales non développées, 
réserves lipidiques importantes) au début de leur vie larvaire (Hernández-Ávila et al., 2015). Enfin, 

quelques résultats préliminaires avaient pu être obtenus concernant la colonisation microbienne à la 

surface des œufs de R. exoculata au cours de leur développement (observations SEM, clonage et 

séquençage Sanger), mais nécessitaient d’être complétés en utilisant d’autres techniques (Hernández-

Ávila, 2016).  

Néanmoins de nombreuses lacunes dans la compréhension de leurs cycles de vie persistaient 

encore, en particulier concernant la dispersion des larves, la plupart des stades larvaires n’ayant jamais 
été observés. Plus particulièrement, l’hypothèse d’une saisonnalité ainsi que les limites exactes de la 
(des) période(s) de reproduction chez R. exoculata nécessitaient encore d’être confirmées par d’autres 
expéditions aux mêmes périodes de l’année (entre Décembre et Mars). De la même façon, bien que la 
distribution des plus jeunes stades juvéniles de cette espèce ait été caractérisée, le séquençage de ces 
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individus, correspondant à priori à des R. chacei, laissait supposer l’existence d’une erreur 
d’identification de ces stades, empêchant de confirmer l’étendue exacte de leur distribution au sein 
des sites hydrothermaux (Hernández-Ávila, 2016). De plus, bien que la distribution des mâles et des 

femelles chez R. exoculata semblait se faire en fonction de la distance des individus par rapport à 

l’émission de fluides, il restait encore à vérifier si cette organisation de leurs populations était liée à 

une préférence/tolérance pour certaines conditions environnementales précises. Enfin, et malgré une 

première étude sur le sujet (Guri et al., 2012), les mécanismes de transmission des symbiotes entre 

générations restaient encore très mal compris, en particulier ceux des groupes bactériens spécifiques 

aux communautés microbiennes du système digestif : les Mollicutes et les Deferribacteres. 

 

E.1.2 Les apports de ce travail de thèse à la compréhension du cycle 

de vie des Rimicaris  

Le travail de thèse réalisé ici a permis de combler une partie des manques mis en lumière plus 

haut, mais aussi de répondre à certains questionnements en apportant de nouvelles informations sur 

une partie des étapes du cycle de vie de R. exoculata. En particulier, une meilleure compréhension des 

étapes du recrutement des stades juvéniles, de la reproduction de cette espèce ainsi que de la 

caractérisation des habitats des différents stades connus a pu être apportée, et a permis d’avancer de 
nouvelles hypothèses quant à l’acquisition des symbiotes et la dispersion.  

De plus, la récolte d’un nombre important de R. chacei lors de l’expédition BICOSE 2 en 2018, 
aussi bien des stades adultes que des juvéniles, a donné la possibilité d’étendre cette étude à une autre 
espèce, présente sur les mêmes sites que R. exoculata. Se basant sur un échantillonnage plus limité, 

quelques informations supplémentaires furent aussi obtenues sur M. fortunata, une autre espèce de 

la même famille coexistant avec les deux autres. La comparaison de ces espèces a ainsi fait ressortir 

les similitudes et les divergences de leurs traits d’histoire de vie, soulignant des stratégies de cycle de 
vie différentes qui pourraient expliquer, en partie, la coexistence et la persistance sur le long terme de 

ces animaux sur les mêmes sites. Ceci a donc abouti à une réévaluation de la présentation du cycle de 

vie de R. exoculata faite précédemment (Fig 52.) par celle proposée ici pour R. exoculata (Fig 76.) et R. 

chacei (Fig 77.), résumant les quelques avancées réalisées durant cette thèse. 

E.1.2.1 Nutrition et acquisition des différents symbiotes  

La présence d’assemblages bactériens sur les œufs, composés principalement ou en partie des 
symbiotes de R. exoculata avait déjà été étudiée précédemment (Cowart et al., 2017; Guri et al., 2012), 

tout comme les modes de nutrition de leurs stades précoces (Gebruk et al., 2000; Pond et al., 2000; 

Vereshchaka et al., 2000). Cependant plusieurs points nécessitaient encore d’être clarifiés, afin de 
déterminer le début et l’évolution de la colonisation bactérienne au cours du développement des œufs 
mais aussi la localisation précise de chacun des groupes bactériens pour ces stades de vie.  

Afin d’y répondre, ce travail (Chapitre 1 ; (Methou et al., 2019a)), additionné aux résultats 

préliminaires d’Ivan Hernández-Ávila (Hernández-Ávila, 2016), a pu montrer que cette colonisation 

bactérienne démarre rapidement, juste après l’oviposition, avec l’observation de quelques bactéries 
présentes sur l’enveloppe des œufs, dès les premières divisions cellulaires. De plus, ces mêmes 
résultats montrent une augmentation de cette couverture bactérienne sur l’enveloppe des œufs au 
cours du développement embryonnaire. Cependant, celle-ci ne devient importante qu’aux stades 



 

  

 255 

 

E.1 DISCUSSION GÉNÉRALE 

avancés, lorsque des structures larvaires commencent à être visibles. Parmi les bactéries colonisant 

ces stades, les différentes lignées de symbiotes de la cavité céphalothoracique ont été retrouvées, 

incluant des Epsilonbacteraeota, des Gammaproteobacteria et des Zetaproteobacteria, toutes 

localisées sur la surface des œufs. Une diversité bactérienne similaire a aussi pu être observée sur les 
œufs de R. chacei (Fig 52.). La comparaison des pontes provenant des sites TAG et Snake Pit a mis en 

évidence une forte influence du site sur la diversité bactérienne associée aux pontes de R. exoculata, 

possiblement liée à la chimie des fluides. Cette influence de la composition du fluide est d’autant plus 
soutenue lorsque cette comparaison est étendue à la diversité bactérienne d’une ponte de Logatchev, 
site dont les fluides sont riches en méthane ([CH4] = 2.1 – 3.5 mM) (Fouquet et al., 2010; Guri et al., 

2012). Sur cette ponte, un nombre important de Gammaproteobacteria méthanotrophes a été 

identifié, là où ces mêmes bactéries sont absentes des pontes de R. exoculata provenant de TAG ([CH4] 

= 0.15 mM) ou Snake Pit ([CH4] = 0.062 mM). Enfin, la comparaison d’œufs localisés à différents 
endroits d’une même ponte a montré une forte influence de la position de l’œuf au sein de la ponte 
sur la couverture bactérienne, importante sur les œufs situés à l’extérieur et donc en contact direct 
avec le fluide, et faible avec pas ou peu de bactéries pour les œufs situés à l’intérieur, plus proches de 
l’abdomen de leur mère et donc ayant peu de contact avec le fluide.  

En plus de cette probable influence de la composition du fluide, cette diversité est aussi 

fortement influencée par le type de surface colonisée avec l’existence d’assemblages bactériens 
spécifiques aux œufs. En effet, la diversité associée aux pontes comparée à celle du pléopode de la 

mère, deux surfaces soumises aux mêmes conditions environnementales, montrent que des 

assemblages bactériens provenant de deux pontes différentes et provenant de sites hydrothermaux 

différents sont plus semblables entre eux que les assemblages bactériens du pléopode et de la ponte 

provenant de la même mère. La raison de cette spécificité reste en revanche mal comprise et pourrait 

aussi bien être liée aux caractéristiques physico-chimiques de la surface de colonisation qu’à 
l’existence de mécanismes de sélection mis en place par la mère pour faciliter/favoriser l’installation 
de certaines bactéries spécifiques et limiter/empêcher le développement d’autres bactéries. Parmi 
eux, il semblerait que la crustine, un peptide antimicrobien exprimé à la surface des œufs et 
uniquement sur les parties colonisées aux stades avancés, puisse participer à cette sélection (Chapitre 

Annexes). Cette possible sélection active par l’animal, laisse penser que ces bactéries pourraient avoir 
un rôle pour les œufs, même s’il n’est pas prouvé ici.  En revanche, et ce malgré la présence des mêmes 

lignées bactériennes que les symbiotes du céphalothorax, un rôle de détoxification est plus envisagé 

qu’un rôle de nutrition. Avec la couverture bactérienne qui se concentre principalement sur les œufs 

de l’extérieur de la ponte, celle-ci constitute une sorte de barrière entre les œufs et le milieu 

environnant. Dans ce contexte les bactéries pourraient avoir un rôle de protection, via leurs 

métabolismes. Celles-ci pourraient en effet détoxifier les composés néfastes pour ces stades de vie, 

notamment ceux du fluide hydrothermal. Dans le cas d’un apport nutritionnel de ces bactéries, chaque 

œuf aurait un apport en nourriture différent selon sa position dans la ponte suggérant donc des 

réserves de taille différente en fin de développement, ce qui n’a pas été observé lors des mesures pour 
l’étude de reproduction. L’importance des réserves ayant une influence forte sur la survie des larves, 
on aurait dans ce cas-ci des larves avec des potentiels différents selon la position qu’elles occupaient 
dans la ponte.  

Bien qu’en faible nombre et retrouvées de manière irrégulière selon les pontes, des lignées 

d’Entomoplasmatales – classe des Mollicutes – correspondant à un des groupes de symbiotes du 

système digestif ont aussi pu être parfois identifiées. Leur absence sur les autres pontes pourrait être 
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liée à des limitations techniques en termes de profondeur de séquençage. Notre étude est cependant 

la deuxième à observer une possible présence de ces Entomoplasmatales, en utilisant une technique 

de séquençage différente et des œufs de sites différents de l’étude précédente (Cowart et al., 2017; 

Methou et al., 2019a). Leur localisation précise n’a en revanche pas pu être déterminée et leur réelle 
présence à ces stades de vie reste à démontrer. Si tel est le cas, une possible transmission maternelle 

durant ou précédant la période de couvaison pourra être envisagée. Concernant les autres groupes 

bactériens, l’absence de donnée actuelle sur les stades larvaires empêche d’établir clairement si ceux-

ci peuvent être transmis de l’enveloppe, perdus après l’éclosion, à un quelconque organe hôte des 
larves ou si cette transmission intervient plus tard au cours de leur cycle de vie, lorsqu’elles atteignent 
et s’installent sur un site hydrothermal par exemple. Quelques observations microscopiques sur une 

larve éclose lors de la remontée sur le navire n’ont pas permis de statuer quant à la présence de 
bactéries à ces stades, ni sur l’existence d’un quelconque organe hôte receveur (Fig 53.). Cependant, 

ces résultats restent limités à un seul individu et sont potentiellement biaisés par le fait que son 

éclosion soit probablement liée à un stress de la remontée et que son développement n’ait peut-être 

pas été complètement terminé. 

Concernant les autres stades de vie, la présence de symbiotes d’Epsilonbacteraeota et de 

Gammaproteobacteria colonisant les différentes pièces buccales (scaphognathites et exopodites) ainsi 

que les branchiostegites des stades juvéniles les plus précoces a pu être confirmée pour R. exoculata 

que et reste en cours d’investigation pour R. chacei (Fig 58.; résultats stage de M. Gueganton). La 

présence des symbiotes du système digestif n’a pour l’instant pas été étudiée sur d’autres stades que 
les stades adultes et leur localisation précise, utilisant des sondes FISH spécifiques, doit encore être 

précisée. Dans ce sens, les récents résultats obtenus avec une sonde Deferribacteres nouvellement 

développée laisse présager pour la suite une caractérisation précise de la présence de ces symbiotes 

des stades juvéniles jusqu’aux stades adultes chez R. exoculata et R. chacei (Thèse Marion Gueganton). 

Les résultats isotopiques obtenus (Chapitre 2) montrent l’existence d'un changement 
trophique depuis un régime basé sur une nutrition non chimiosynthétique, hors de la zone d’influence 
hydrothermale du site, progressivement remplacé par une alimentation fournie par les symbiotes 

chimiosynthétiques aux stades adultes. Ainsi, ces résultats confirment ceux obtenus précédemment 

pour R. exoculata (Gebruk et al., 2000; Vereshchaka et al., 2000) et prouvent qu’un changement 
trophique similaire a lieu également chez R. chacei.  

Les résultats isotopiques obtenus durant cette thèse ont aussi permis de montrer que la 

distribution des adultes entre zones actives et zones périphériques n’a à priori aucun effet sur leur 
nutrition, des femelles provenant des agrégats et des mâles provenant des agrégats ou épars à la 

périphérie présentant pratiquement les mêmes niches isotopiques sur un site donné (Fig 59.). Cette 

absence de distinction trophique, malgré une influence hydrothermale différente, pourrait être liée à 

une mobilité importante des mâles qui vont et viennent entre la périphérie et les agrégats proches du 

fluide ou à une maintenance d’une symbiose similaire malgré une influence du fluide amoindrie. 
L’analyse comparant les communautés symbiotiques des mâles (périphérie ou agrégat) et des femelles 
(agrégat) viendra compléter ces résultats (Thèse V. Cueff-Gauchard). 

E.1.2.2 Dispersion et développement larvaire  

En raison de la difficulté à récolter les différents stades planctoniques de Rimicaris ou même 

d’alvinocarididés en général, malgré les nouveaux moyens techniques mis en place – 5 larves récoltées 
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lors de la mission BICOSE (2014) par la pompe SALSA; 1 larve récoltée lors de l’expédition BICOSE 2 
(2018), – le travail effectué durant cette thèse s’est concentré sur la partie benthique du cycle de vie 
et peu d’éléments ont pu être apportés sur la phase larvaire planctonique. Ainsi cette thèse reste en 

accord avec le modèle de dispersion larvaire proposé par (Hernández-Ávila, 2016), à savoir une longue 

période de dispersion avec un développement étendu et une lécitotrophie primaire suivie par une 

phase planctotrophe où la larve se nourrit dans son environnement. Bien que la totalité de la durée de 

cette phase larvaire ne puisse être évaluée pour le moment, la durée du premier stade larvaire (sans 

être nourrie) pourrait s’étendre de quelques jours à plus de 100 jours selon l’espèce et les conditions 
de température, d’après les résultats obtenus pour deux autres alvinocarididés Shinkaicaris leurokolos 

et A. longirostris (Watanabe et al., 2016). Cette phase de dispersion pourrait comprendre six stades 

larvaires ou plus, comme c’est le cas chez d’autres crevettes caridés ayant un développement étendu 
(Anger, 2001). Enfin, la dispersion des larves de Rimicaris est probablement limitée aux zones 

aphotiques de l’océan de par leur tolérance physiologique aux conditions environnementales. En effet, 

d’après les données de (Tyler and Dixon, 2000), les larves de M. fortunata sont incapables de supporter 

des températures supérieures à 20°C à pression atmosphérique, comme c’est le cas pour les eaux de 
surface. Si les larves de Rimicaris présentent des tolérances similaires, celles-ci sont donc aussi 

incapables de survivre dans les zones de la colonne d’eau où la production primaire photosynthétique 

est la plus importante. 

Malgré tout, la révision de l’identification des stades juvéniles des Rimicaris de la dorsale 

médio-Atlantique couplée à des analyses isotopiques (Chapitre 2) a indirectement révélé de nouvelles 

informations concernant la dispersion de R. exoculata et R. chacei.  

En effet, la comparaison des niches isotopiques des premiers stades juvéniles de ces deux 

espèces – dont les compositions isotopiques traduisent l’influence de leur nutrition/habitat passé – a 

montré une claire séparation de leurs niches respectives. Cette ségrégation indique donc que ces deux 

espèces se nourrissent de sources trophiques différentes et/ou vivent dans des habitats différents 

n’occupant pas la même position dans la colonne d’eau – et donc n’étant potentiellement pas 
transportées par les mêmes courants non plus – durant au moins une partie de leur vie larvaire. En 

dehors de ces nouvelles données, une meilleure compréhension de la vie larvaire de ces espèces ne 

pourra être apportée que par la récolte ou l’élevage en aquarium de ces stades de vie. 

E.1.2.3 Recrutement et distribution des différents stades de vie sur les sites 

hydrothermaux 

La distribution des stades juvéniles précoces de R. exoculata avait déjà été étudiée 

précédemment par (Hernández-Ávila, 2016) et dans une moindre mesure par (Segonzac et al., 1993). 

Cependant, les problèmes d’identifications entre les juvéniles R. chacei et R. exoculata, déjà identifiés 

par (Hernández-Ávila, 2016), ont empêché de réellement comprendre la répartition exacte de chacun 

au sein des sites.  

La révision taxonomique de l’identification des stades juvéniles d’alvinocarididés de la ride 
médio-Atlantique réalisée au cours de cette thèse (Chapitre 2) a là encore permis de réévaluer la 

distribution de chacun des stades de vie se trouvant sur les sources hydrothermales et de comparer la 

structure de population de ces espèces (Chapitre 3). Cette caractérisation de leur distribution a de plus 

été complétée par l’acquisition de données environnementales (température, composition chimique 
du fluide) associées à plusieurs prélèvements de crevettes. Premièrement, il apparaît clairement 
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maintenant que le recrutement des juvéniles de R. chacei se fait à des tailles bien inférieures à celles 

des juvéniles de R. exoculata (Chapitres 2 et 3), contrairement à ce qui été admis jusqu’alors (Komai 

and Segonzac, 2008). De plus, bien que le nombre d’individus soit limité, il semblerait également que 

les juvéniles de M. fortunata soient recrutés à des tailles encore inférieures à celles de R. chacei, même 

si une taille minimale de ces stades pour cette espèce ne peut pas être établie avec autant de certitude 

que pour les deux autres. Ce recrutement apparaît chez les deux espèces de Rimicaris comme 

discontinu, avec l’existence de plusieurs cohortes, contrairement à M. fortunata où la présence d’une 
unique cohorte semble plutôt indiquer un recrutement continu (Chapitre 3). Tout comme pour les 

adultes, les juvéniles de R. exoculata et R. chacei occupent d’une manière générale des assemblages 

différents avec des juvéniles de R. exoculata majoritairement retrouvés au sein ou accolés aux agrégats 

d’adultes situés sur les édifices, tandis que les juvéniles de R. chacei s’agrègent à la base ou à la 
périphérie de ces édifices, près de sorties de fluides diffus. Les zones de recrutement semblent donc 

différentes entre les deux espèces, cependant quelques juvéniles de R. exoculata ont été retrouvés en 

périphérie de manière exceptionnelle tout comme une minorité de R. chacei a pu être récoltée dans 

des petits agrégats d’adultes de la même espèce. Ainsi les niches thermiques des deux espèces –  

reconstituées à partir des données de température associées aux différent prélèvements de crevettes 

– ne varient pas au cours de leur cycle de vie et sont donc les mêmes pour tous les stades de vie d’une 
espèce donnée.  

Bien que les stades adultes soient probablement les stades les mieux caractérisés du cycle de 

vie de ces espèces, de nouvelles données ont pu être apportées durant cette thèse, en particulier 

concernant R. chacei (Chapitre 3). En effet, cette dernière était décrite comme vivant de manière 

solitaire ou en petits groupes de quelques individus (Apremont et al., 2018; Komai and Segonzac, 2008; 

Segonzac et al., 1993). Cependant, la découverte de petits agrégats de R. chacei durant l’expédition 
BICOSE 2, en général cachés soit entre des roches soit au sein des moulières, vient nuancer cette idée 

et suppose une présence plus importante de cette espèce que précédemment avancé. La structure de 

population de R. exoculata entre mâles à la périphérie et femelles au sein des agrégats, observée à 

TAG précédemment (Hernández-Ávila, 2016), a pu être reconfirmée 4 ans plus tard sur ce site ainsi 

que sur le site Snake Pit. Cependant, contrairement à ce qui avait été proposé, cette organisation ne 

semble pas être liée aux facteurs environnementaux du gradient de mélange, les niches thermiques 

étant les mêmes pour les mâles et les femelles. Bien que d’autres facteurs environnementaux 
mériteraient d’être considérés, il est possible que cette structuration des populations de R. exoculata 

dans les sites hydrothermaux soit le résultat d’une certaine forme d’organisation sociale chez ces 
espèces. Une certaine forme d’interaction sociale a d’ailleurs récemment été aussi suggérée par une 

autre étude décrivant les comportements d’individus incubées expérimentalement sous pression 
(Ravaux et al., 2019), ces derniers restant en groupe collés les uns aux autres, même en l’absence de 
stimuli externe. Cette structuration n’a en revanche pas été observée chez R. chacei, chez qui des sex 

ratio relativement équilibrés ont été relevés pour chaque point de prélèvement. La comparaison des 

niches des deux espèces a permis de mettre en évidence leurs différences avec notamment une plus 

large niche thermique pour R. exoculata englobant toute la zone de mélange entre eau de mer et 

fluides jusqu’à 40°C. Cette niche thermique de R. exoculata englobe ainsi celle des autres espèces 

d’alvinocarididés avec une niche encore plus limitée pour M. fortunata comparé à R. chacei.  

Enfin, le prélèvement de crevettes au même endroit mais à plusieurs jours d’intervalle a aussi 
permis d’évaluer succinctement les dynamiques temporelles de ces populations sur de courtes 

échelles de temps. Ainsi, il a pu être montré que certains micro-habitats restaient extrêmement stables 



 

  

 259 

 

E.1 DISCUSSION GÉNÉRALE 

sur des périodes d’une dizaine de jours, avec les mêmes proportions de chaque espèce mais aussi de 
chaque stade de vie par espèce. A l’inverse, d’autres micro habitats étaient extrêmement variables, 
allant même jusqu’à la disparition complète d’un agrégat de R. exoculata pour être remplacé par un 

groupe de R. chacei. En revanche, l’absence de mesures systématiques des conditions physico-

chimiques du fluide empêche à l’heure actuelle de déterminer si ces variations sont liées à des facteurs 
environnementaux. 

E.1.2.4 Maturité sexuelle et reproduction  

D’importantes avancées ont pu être faites récemment concernant la reproduction de R. 

exoculata, notamment la découverte en 2014 d’un nombre important de femelles gravides au sein des 
agrégats, à une période de l’année encore jamais échantillonnée précédemment (Janvier – Début 

Février), suggérant l’idée d’une reproduction saisonnière pour cette espèce, qui nécessitait cependant 

encore d’être confirmée. De plus cette même étude a fourni une estimation de la taille moyenne à 
laquelle la différentiation sexuelle peut être observée chez R. exoculata, permettant de séparer les 

petits adultes des individus subadultes. 

Partant de là, le travail effectué durant cette thèse (Chapitre 4) a cherché à vérifier cette 

saisonnalité de la reproduction de R. exoculata en comparant ces échantillons de 2014 avec ceux 

récoltés en 2017 (expédition HERMINE, fin mars – début avril, échantillons assez limités) et en 2018 

(expédition BICOSE 2, février – début mars). Ces échantillonnages ont ainsi permis de confirmer la 

présence de femelles gravides, étendant la période de reproduction au moins de début janvier jusque 

début mars, supportant ainsi l’hypothèse d’une reproduction saisonnière. Comme en 2014, la 
présence d’au moins quelques femelles gravides fut confirmée pour pratiquement chaque 
prélèvement d’agrégats en février – début mars 2019 tandis que leur nombre semblait plus limité en 

fin mars – début avril 2017. La comparaison des femelles gravides des différentes années a montré 

une reproduction extrêmement stable, sans aucune variation de fécondité relative – c.à.d. le nombre 

d’œufs rapporté à la taille de la femelle – ou de taille des œufs – mesure du diamètre – selon les 

années.  

De plus, l’échantillonnage de 2018 a pu permettre la récolte d’un nombre suffisamment 
important de femelles gravides de R. chacei et de M. fortunata pour étudier la reproduction de ces 

espèces et les comparer aux R. exoculata des mêmes sites. Ainsi des stratégies de reproduction 

différentes ont pu être mises en évidence entre R. exoculata et R. chacei, avec un bien plus grand 

nombre d’œufs par femelle chez R. chacei à tailles équivalentes mais avec des œufs plus petits. 
Comparée aux données de la littérature (Cambon-Bonavita, 2014; Komai and Segonzac, 2003, 2008; 

Ramirez-Llodra et al., 2000; Williams and Rona, 1986), cette reproduction apparaît comme 

potentiellement saisonnière pour R. chacei aux mêmes périodes de l’année que R. exoculata, 

cependant l’absence de femelles gravides à d’autres périodes pourrait aussi être liée à la difficulté de 
récolter cette espèce tout simplement. Concernant M. fortunata, il semblerait que tout comme son 

recrutement, sa reproduction soit continue, des prélèvements de femelles gravides ont effectivement 

été rapportés pratiquement à chaque campagne de prélèvements ayant récolté ces animaux. Ceci 

suggère donc que la biologie de la reproduction de ces espèces n’est pas nécessairement contrainte 
phylogénétiquement, contrairement à ce qui a pu être proposé pour la reproduction de certaines 

espèces profondes (Ramirez-Llodra et al., 2000; Tyler and Young, 1999).  
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Enfin sur ce sujet, l’un des résultats les plus importants de ce travail vient certainement de la 
comparaison de la reproduction de R. exoculata avec celle de son espèce sœur, R. kairei, vivant dans 

l’océan Indien. En dehors du fait qu’elles présentent une reproduction quasiment identique en termes 
de fécondité – nombre et volume des œufs – elles présentent toutes les deux une importante présence 

de femelles gravides en Février-Mars. En revanche leur répartition géographique est totalement 

opposée pour celles dont la reproduction a été étudiée, avec une distribution de R. exoculata dans 

l’hémisphère nord (TAG : 26°N Snake Pit : 23°N), tandis que les R. kairei provenaient de l’hémisphère 
sud (Kairei : 25°S). Etant donné l’absence de lumière et donc de photosynthèse, aucun facteur 
saisonnier spécifique aux sources hydrothermales n’est aujourd’hui connu. Ainsi, l’existence de 
reproduction saisonnière dans ces environnements a souvent été supposé être le résultat d’un pic de 
photosynthèse au début du printemps, qui serait perçu par ces espèces via l’augmentation d’apport 
de matière photosynthétique tombant au fond (Copley and Young, 2006; Dixon et al., 2006; Tyler et 

al., 2007). Le fait que les deux espèces sœurs de Rimicaris se reproduisent durant les mêmes mois bien 

qu’elles vivent dans des hémisphères opposés – et donc soumises à des cycles saisonniers également 

opposés - est extrêmement surprenant. Cela semble contredire l’hypothèse générale selon laquelle les 
phénomènes de reproduction saisonnière dans les environnements profonds seraient liés aux cycles 

saisonniers de la production photosynthétique de surface. Une autre possibilité qui n’est pas encore à 
exclure est que R. kairei, contrairement à son espèce sœur, ne présente pas une reproduction 
saisonnière mais continue. Cependant, une campagne ayant eu lieu dans cette zone en dehors de la 

période Janvier-Mars n’a pas permis d’observer ou de collecter une seule femelle gravide en Octobre-

Novembre 2009 (Watanabe, communication personnelle).   
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Fig 77. Diagram displaying currents knowledge and gaps in the lifecycle of R. exoculata including the new advances realized during this thesis. Largely 
inspired from the diagram depicting the life cycles of bathymodiolin mussels of Laming et al. (2018) 
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 Fig 78. Diagram displaying currents knowledge and gaps in the lifecycle of R. chacei including the new advances realized during this thesis. Largely inspired 
from the diagram depicting the life cycles of bathymodiolin mussels of Laming et al. (2018) 
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E.2 Perspectives et propositions de travaux futurs  
 

E.2.3.1 Acquisition et développement de la symbiose  
 Malgré les avancées réalisées durant cette thèse, de nombreuses questions restent en 

suspens, notamment plusieurs points concernant l’acquisition des symbiotes et leur présence aux 
stades précoces de la vie des crevettes Rimicaris. Bien qu’une spécificité des assemblages bactériens 
associés aux pontes de R. exoculata ait été démontrée, il reste à savoir si celle-ci est le résultat d’une 
sélection active de la part de la mère ou de l’œuf lui-même, ou si elle pourrait être le résultat du type 

de surface qui faciliterait l’installation de certains groupes bactériens plutôt que d’autres. Une façon 
de résoudre en partie ce problème serait peut-être de comparer les assemblages microbiens associés 

aux R. exoculata avec ceux associés aux R. chacei, à un stade de développement équivalent. En effet, 

en ajoutant R. chacei aux résultats de séquençage obtenus pour R. exoculata – présentés dans le 

chapitre 1 –, on pouvait observer une importante distinction des assemblages de la ponte de R. chacei 

et de son pléopode par rapport au reste des œufs de R. exoculata. Ceci suggère une plus forte influence 

de l’espèce que du type de surface colonisée – ponte vs pléopode. Etant donné que le type de surface 

chez R. chacei est le même que chez R. exoculata, ce résultat tend à rejeter l’hypothèse d’une 
spécificité liée au type de surface et renforce l’idée que celle-ci est liée à des mécanismes de sélection 

– comportement, immunité – qui diffèrent entre les deux espèces. Cependant, il est possible que les 

communautés bactériennes des pontes de chaque espèce diffèrent de par la position de leurs femelles 

gravides au sein du gradient thermique, chacune vivant en général dans une niche thermique 

différente de celle de l’autre (Chapitre 3). Ainsi, bien que la femelle séquencée de R. chacei (Rimi70) 

ait été récoltée au même endroit que deux autres femelles de R. exoculata séquencées (Rimi48 et 

Rimi47), il est impossible de prédire si ces deux femelles sont restées dans les mêmes environnements 

tout au long de leur dévelopement. Une immunité distincte entre R. exoculata et R. chacei est pourtant 

suggérée par l’observation de la couleur de leur hémolymphe, qui diffère entre les deux espèces 
(observations personnelles lors des prélèvements d’hémolymphe réalisés à bord, en collaboration avec 
A. Tasiemski, BICOSE 2) et devrait être confirmée par la suite par des analyses en laboratoire. De plus, 

les résultats obtenus sur R. chacei étaient limités à un seul individu et sont donc insuffisants en l’état 
pour confirmer cette tendance. Un nouvel échantillonnage comparant les pontes des deux espèces à 

différents stades de vie ou à minima à stades équivalents permettront de trancher sur la question. 

Ainsi, en plus de l’étude descriptive des communautés bactériennes des deux espèces, une étude 

comparée de leur immunité – maternelle ou de celle des œufs – serait nécessaire pour pouvoir mieux 

comprendre l’influence relative de l’environnement et/ou de l’immunité de l’animal sur la colonisation 
bactérienne de ces œufs. 

 Pour ce qui est des juvéniles, la transition trophique au cours de leur développement, mis en 

évidence à l’aide des analyses isotopiques, pourrait aussi être étudiée sous un angle anatomique, cette 
transition étant concomitante avec leur métamorphose en adultes, très marquée chez R. exoculata et 

moins chez R. chacei. Celle-ci pourrait se faire par la reconstruction anatomique tridimensionnelle de 

ces deux espèces à différents stades de vie/classe de taille. Ainsi à l’aide d’un micro-CT scan, il pourrait 

être possible de caractériser et de mesurer précisément à la fois les compartiments symbiotiques 

« externes » de la cavité céphalothoracique – surface des branchiostegites, des scaphognathites, 

exopodites – mais aussi des compartiments internes de l’animal – volume de l’estomac, du tube 
digestif. Ceci serait d’autant plus intéressant si cette analyse était étendue à deux autres espèces, R. 

kairei et R. hybisae, respectivement espèces sœurs de R. exoculata et R. chacei. En effet une forte 

similarité morphologique existe entre R. kairei et R. exoculata, à tel point qu’elles sont relativement 
difficiles à distinguer l’une de l’autre. En revanche, de nombreuses variations morphologiques peuvent 
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être rapidement observées entre R. hybisae et R. chacei, notamment au niveau du céphalothorax, droit 

chez R. chacei et hypertrophié chez R. hybisae suggérant ainsi une convergence morphologique de 

cette dernière avec R. exoculata/R. kairei. Cette convergence semble n’apparaitre pourtant chez R. 

hybisae qu’au cours de la métamorphose, les stades juveniles étant à première vue, en tout point 
similaires avec ceux de R. chacei (observations personnelles à partir des échantillons du JAMSTEC).  

  

Fig 79.  Reconstruction anatomique 3D d’alvinocarididés obtenu par CT-scan et reconstruit avec le logiciel 
AMIRA. A. Adulte de Rimicaris kairei du site Edmond (CL= 13.7 mm). B. Adulte de Rimicaris hybisae du site Beebe 
(CL = 13.8 mm). Rouge: Branchiostegite; Orange: Scaphognathite; Vert foncé: estomac; Vert clair: tube digestif. 
C. Tableau résumant les mesures du volume (estomac, tube digestif) ou la surface (branchiostegite, 
scaphognathite) de chacun des organes. Vorg/Vtot: Volume/surface de R. kairei ou R. exoculata par rapport au 
volume/surface total de l’individu. R. hybisae/R. kairei : rapport évaluant la différence de volume/surface entre 
les deux espèces. Résultats obtenus lors d’un séjour au JAMSEC en juin 2019 avec l’aide du Dr. Chong Chen 

  De plus, la reconstructions 3D de l’anatomie d’une R. hybisae et d’une R. kairei de même taille, 

a permis de voir que les surfaces de branchiostegites et des scaphognathite étaient similaires entre R. 

hybisae et R. kairei – et donc très probablement R. exoculata – tandis que l’estomac de R. hybisae se 

trouvait être 4.7 fois plus gros que celui de R. kairei (résultats préliminaires obtenus lors d’un séjour 
au JAMSTEC, Fig 78). Comparé aux observations faites pour R. exoculata et R. chacei par (Segonzac et 

al., 1993), la morphologie du système digestif de R. hybisae au stade adulte semble ainsi plus proche 

de celle de R. chacei, tandis que la morphologie de son céphalothorax se rapproche plutôt de celles de 

R. exoculata et R. kairei. Ainsi cette convergence anatomique de R. hybisae serait à priori limitée aux 

modifications du céphalothorax. En couplant cette étude à des observations FISH au cours du 

développement juvénile, il serait aussi possible de voir si ces modifications anatomiques, s’opérant au 
cours de la métamorphose juvénile de ces espèces, pourraient être liées à des différences en termes 

de colonisation symbiotique au niveau de leur céphalothorax. Si tel était le cas, on pourrait 

potentiellement émettre l’hypothèse que la colonisation symbiotique agirait comme un facteur 
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environnemental enclenchant la métamorphose chez certaines espèces, responsable de l’anatomie si 
particulière de leur céphalothorax. 

 Concernant l’acquisition des symbiotes spécifiques au système digestif, une acquisition aux 
stades embryonnaires des Deferribacteres semble être à exclure, leur présence n’ayant été démontrée 

dans aucune des études s’étant intéressée à ces stades (Cowart et al., 2017; Guri et al., 2012; Methou 

et al., 2019a). Le cas des Entomoplasmatales (Mollicutes) est en revanche plus complexe, avec une 

possible présence sur certaines pontes mais pas sur toutes. Une possibilité est qu’une transmission de 
ces symbiontes ait lieu pendant l’oviposition, via le mucus, ou alors dans les spermatozoïdes 
(tranmission paternelle), mais ni les glandes à mucus ni les gonades n’ont été encore examinées 

contrairement aux ovaires. Une autre possibilité serait que la transmission ne se fasse pas directement 

dans les ovocytes non fécondés mais au cours du développement embryonnaire pendant la phase de 

couvaison, ce qui pourrait expliquer une présence sur certains stades seulement. Les 

Entomoplasmatales n’étaient cependant pas plus présents sur les œufs de stades avancés que sur les 
œufs moins développés, la seule explication restante, outre une possible contamination, serait une 
profondeur de séquençage insuffisante sur certains échantillons. Dans tous les cas, si ce groupe de 

symbionte est bien présent à ce stade, un nombre très limité de bactéries est sûrement présent sur 

chaque œuf. L’utilisation du FISH sur des coupes d’œufs comme cela a été réalisé pour les 
Epsilonbacteraeota, les Gammaproteobacteria et les Zetaproteobacteria, semble être peu adapté pour 

localiser ce groupe de symbiote. En dehors de l’absence de sonde spécifique développée pour ce 
groupe (actuellement en cours, Thèse M. Gueganton), l’utilisation du FISH sur ces échantillons est mise 

en difficulté par de nombreux problèmes d’autofluoresence liés aux minéraux sur l’enveloppe mais 
aussi aux tissus animaux, en particulier les lipides des œufs, qui risquent de masquer un signal faible 
lors de la détection de bactéries rares. Un bel exemple d’étude ayant réussi à détecter et localiser la 
présence d’une très faible quantité de bactéries symbiotiques (estimation : 500 symbiotes par œufs) 
est celui de travaux réalisés récemment sur les œufs du bivalve Calyptogena okutanii (Ikuta et al., 

2016). En utilisant un protocole d’hybridation in situ sur des œufs entiers avec des sondes spécifiques 
marquées au DIG, une méthode de détection colorimétrique et donc non sensible aux problèmes 

d’autofluorescence, cette étude a permis de localiser ces symbiotes in toto au niveau du pôle végétal 

des œufs de cette espèce. Cette présence fut confirmée par la suite avec des images TEM, montrant 

bien des formes de bactéries à cet endroit. Une fois les sondes spécifiques aux Entomoplasmatales 

développées au laboratoire et leur localisation précise confirmée chez les adultes, une approche 

similaire pourra être utilisée sur les œufs des Rimicaris, avec une hybridation in situ in toto utilisant 

des sondes marquées au DIG, qui pourrait être complétée par une approche TEM. 

Un autre moyen de mieux comprendre les modes de transmission de ces symbiotes pourrait 

être d’utiliser une approche phylogénétique. En effet pour certaines espèces hydrothermales, des 
analyses comparant la topologie de la phylogénie des hôtes avec celle de leur(s) symbiote(s) ont permis 

de mettre en évidence l’existence d’une forte congruence de ces phylogénies chez certains 
holobiontes. Cette congruence traduit une possible co-spéciation entre l’hôte et son symbiote et un 
mode de transmission vertical. Inversement, une absence de congruence est généralement signe 

d’une transmission horizontale (Nelson and Fisher, 2000; Ozawa et al., 2017; Peek et al., 1998; Won et 

al., 2008). L’observation des associations bactériennes aux stades de vie précoces confirment 

généralement ces hypothèses, avec l’identification de bactéries associées aux œufs/embryons 
reflétant une transmission verticale pour ceux présentant une forte co-spéciation et un mode de 

transmission horizontale pour les autres (Cary and Giovannoni, 1993; Endow and Ohta, 1990; Ikuta et 
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al., 2016; Nussbaumer et al., 2006; Wentrup et al., 2014). Une telle approche mettant en parallèle les 

phylogénies des hôtes et de leurs symbiotes respectifs pourrait aussi être utilisée pour les crevettes 

Rimicaris et ainsi affiner nos hypothèses en permettant de savoir quels modes de transmission des 

symbiotes sont les plus probables. Ceci est particulièrement important pour les symbiotes du système 

digestif, pour lesquels aucune lignée proche n’a pu être retrouvée dans l’environnement jusqu’à 
présent, affaiblissant l’hypothèse d’une transmission horizontale. Des indices d’une potentielle co-

spéciation des Entomoplasmatales et des crustacés d’une manière générale ont d’ailleurs été mis en 
évidence récemment. En effet, les lignées de bactéries les plus proches de symbiotes de Rimicaris 

séquencées à l’heure actuelle sont les symbiotes de l’hépatopancréas d’un isopode terrestre, et du 

tube digestif de deux amphipodes de la fosse des Mariannes (Cheng et al., 2019; Wang et al., 2004). 

Cependant les études sur la symbiose du tube digestif des alvinocarididés restent limitées pour le 

moment à seulement deux espèces de Rimicaris de l’océan Atlantique (Apremont et al., 2018; Durand 

et al., 2010, 2015). Une couverture plus large de cette relation symbiotique incluant des espèces 

d’autres régions du globe, en particulier de l’ouest Pacifique où elles sont nombreuses, mais aussi 
éventuellement d’autres genres comme Alvinocaris ou Mirocaris serait un prérequis à ce type d’étude 
phylogénétique.  

E.2.3.2 Dispersion et développement larvaire  

 La partie larvaire est certainement la partie la moins bien comprise du cycle de vie de R. 

exoculata et même des alvinocarididés en général. En raison de la difficulté d’échantillonnage de ces 

stades, peu d’avancées ont pu être réalisées durant cette thèse. De nombreux points restent ainsi à 
examiner, la plupart nécessitant l’élevage de larves in vivo et de préférence sous pression pour 

reconstituer les conditions environnementales du début de leur développement. Celles-ci pourraient 

être réalisées à l’aide de larves prélevées dans l’environnement mais aussi en incubant des larves 
écloses à bord provenant des pontes de R. exoculata gravides – qui lors de cette thèse ont servi aux 

études de reproduction. L’utilisation de ces dernières permettrait d’obtenir un échantillon de larve 
plus important, mais aussi plus homogène en terme de réplicat – même stade de développement, 

même espèce, variabilité génétique limitée – tandis que l’incubation en aquarium permettrait de 

mieux contrôler les différentes conditions environnementales. Une expérience similaire à celle réalisée 

sur M. fortunata par (Tyler and Dixon, 2000) en incubant les larves à différentes conditions de 

températures – au moins 20°C et 2°C, et si possible d’autres paliers à 10°C, et 15°C– et différentes 

conditions de pression – au moins les conditions de surface  (1 atm) et celles du fond au niveau du site 

de prélèvement, et éventuellement d’autres paliers entre les deux – permettrait de préciser les limites 

de la distribution verticale de ces larves dans la colonne d’eau et si une présence de ces stades dans 
les eaux de surface est possible ou non.  

Un autre point central qui reste à évaluer est celui du développement du système digestif après 

l’éclosion qui conditionne la nutrition de la larve pendant sa phase planctonique. En effet celui-ci ne 

semble à priori pas complètement développé, avec un œsophage et peut être un estomac, mais 
apparemment pas de tube digestif ouvert jusqu’au bout d’après les coupes de larves obtenues 
(sagittale et frontale). Ces observations ajoutées aux résultats de (Hernández-Ávila et al., 2015) qui 

montrent des pièces buccales non développées chez les zoés après l’éclosion, indiquent que ces larves 
ne peuvent probablement pas se nourrir durant les premiers moments de leur vie planctonique. La 

durée pendant laquelle ces larves peuvent continuer à se développer selon un mode strictement 

lécitotrophique, à partir de leurs réserves propres reste à déterminer. De même, le moment et le stade 
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de développement auxquels les larves vont basculer vers la planctotrophie demeurent inconnus.  

L’incubation sous pression et à 2°C d’un certain nombre de larves avec des prélèvements à intervalles 
réguliers – de l’ordre de quelques jours – avec une reconstruction tridimensionnelle de l’anatomie de 
ces larves à chaque intervalle permettrait de voir à quel moment le système digestif peut être 

considéré comme complétement formé et fonctionnel. En revanche, au vu de la taille des larves, la 

résolution obtenue avec un micro CT-Scan risque d’être insuffisant pour reconstruire proprement 
l’anatomie de ces stades de vie et un autre moyen d’acquisition devrait être envisagé. Il pourrait être 
envisagé de passer soit par une découpe sériée traditionnelle de chaque individu en entier – mais qui 

constituerait un travail long et fastidieux – soit par l’utilisation d’un synchrotron ou encore d’un nano 
CT-scan. 

La durée maximale de la phase lécitotrophique, tout comme la durée totale du développement 

larvaire jusqu’au stade juvénile, pourraient être obtenues respectivement par une incubation sous 
pression des larves sans les nourrir ou dans l’autre cas, en les nourrissant de la même façon que ce qui 
a pu être fait pour des larves de gastéropodes par (Yahagi et al., 2017b) – mais en utilisant une 

nourriture adaptée pour des larves de crustacés. Chez d’autres alvinocarididés (Watanabe et al., 2016) 

ont observé une durée de la phase lécitotrophique – larves non nourries – , dépendante de la 

température, variant entre une dizaine de jours et pratiquement 100 jours, soit une durée supérieure 

à la plupart des missions en mer. Ainsi de telles expériences d’incubation pourraient être réalisées 
dans différentes conditions de température afin d’estimer la durée de vie larvaire en fonction de 
l’environnement rencontré par les larves au cours de leur dispersion. Cependant, au vu des durées 

obtenues par (Watanabe et al., 2016), et en raison de risques de l’expérimentation in vivo, une autre 

méthode pourrait aussi permettre d’estimer la durée maximale de cette phase lécitotrophique sur des 

durées d’incubations plus courte. Celle-ci nécessiterait de quantifier les réserves lipidiques ainsi que le 

taux métabolique juste après l’éclosion et à différents intervalles de temps afin d’estimer la vitesse de 
consommation et la durée de ces réserves lipidiques. Ces valeurs pourront aussi être comparées à 

d’autres espèces comme Riftia pachyptila (Marsh et al., 2001) ou encore entre les espèces 

d’alvinocarididés si plusieurs espèces sont étudiées. Ce type de comparaison permettrait de voir si des 

différences d’investissement maternel (en termes de ressources lipidiques) existent entre ces espèces 

et si cela pourrait engendrer des différences en termes de dispersion. Enfin, en plus de la durée de vie 

planctonique (PLD), la caractérisation de la nage de ces stades de vie serait un paramètre clé pour 

mieux contraindre les modèles biophysiques de dispersion et comprendre les trajectoires empruntées 

par la larve. On pourra ainsi déterminer leur vitesse de nage moyenne – en fonction des conditions 

environnementales/d’incubation – ou leur direction, – plutôt verticalement ou plutôt horizontalement  

– leur déplacements verticaux permettant de mieux évaluer la position qu’elles occupent dans la 
colonne d’eau et donc les courants que ces larves empruntent (Beaulieu et al., 2014; Epifanio et al., 

1999; Yahagi et al., 2017b).  

Plusieurs de ces expériences pourraient être réalisées en parallèle afin d’optimiser les temps 
d’incubation. Pour ce faire, toutes ces expériences in vivo nécessiteraient cependant le développement 

de nouveaux incubateurs sous pression de petites tailles, idéalement entre quatre et une douzaine, 

possédant un hublot d’observation ou même une caméra d’enregistrement mais aussi une ligne 
d'alimentation isobare comme celle installée sur l’aquarium Abyssbox afin de nourrir les larves sans 
pour autant dépressuriser la partie de l’aquarium où sont les larves (Shillito et al., 2015). Pour aller 

plus loin sur la compréhension des lieux de vie des larves et de leurs tolérances aux contextes 

hydrothermaux naturellement pollués, ces incubateurs permettraient aussi de réaliser sur ces larves 
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les mêmes tests écotoxicologiques que ceux réalisés sur les adultes de R. exoculata (Auguste et al., 

2016), notamment en les incubant avec différentes concentrations de cuivre, afin in fine d’évaluer 
l’impact potentiel des rejets miniers sur leur survie et donc la capacité de dispersion/colonisation de 

l’espèce.  

E.2.3.3 Recrutement, reproduction et distribution des différents stades de vie 

sur les sites hydrothermaux 

 Le fait que la distribution des différents stades de vie ne soit apparemment pas structurée 

selon les conditions thermiques le long du gradient de mélange du fluide hydrothermal avec l’eau de 
mer est surprenant au vu des résultats obtenus précédemment par (Hernández-Ávila, 2016). Ces 

résultats obligent donc à considérer d’autres facteurs environnementaux. Par exemple, la présence 
et/ou l’abondance dans l’environnement de certains microorganismes spécifiques – en particulier les 

symbiotes de ces espèces – pourrait avoir une incidence sur la répartition des différents stades de vie 

de ces animaux, en particulier des juvéniles dans les zones de recrutement, s’ils n’ont pas encore acquis 
les symbiotes. En effet, cette présence de certains microorganismes a été montrée comme un signal 

environnemental fondamental pour l’installation des larves de nombreux animaux (Hadfield, 2011; 

Huang and Hadfield, 2003; Ritson-Williams et al., 2016; Watson et al., 2016), et pourrait jouer un rôle 

similaire chez R. exoculata et R. chacei. Les nombreux prélèvements d’eau avec le dispositif PLUME du 
Nautile, associés aux différents prélèvements de crevettes ainsi que de quelques roches, a pu 

permettre l’extraction d’ADN des communautés microbiennes entourant ces animaux (séquençage en 
attente). Dans un futur proche, l’analyse des données de séquençage de ces échantillons permettra 

d'avoir une meilleure idée de l’influence potentielle des communautés bactériennes planctoniques 

locales sur la distribution des Rimicaris tout en tenant compte des données environnementales. 

Une autre approche serait d’explorer l’environnement chimique de ces espèces. En effet, les 

signaux chimiques sont omniprésents dans le milieu marin et constituent le « langage » principal de 

nombreuses espèces provenant de tous les groupes du vivant, aussi bien animal que végétal ou 

microbien (Hay, 2009). Dans ces écosystèmes marins, ces signaux chimiques régulent divers 

comportements tels que ceux impliqués dans le choix ou la recherche de nourriture, les interactions 

interspécifiques comme la compétition ou la prédation, la reproduction ou encore la métamorphose 

et le recrutement larvaire. Cette communication chimique façonne ainsi la structure des populations 

des différentes espèces impliquées, tout comme l’organisation des communautés, et à une plus large 
échelle le fonctionnement des écosystèmes (Hay, 2009). Dans l’environnement hydrothermal, les 
recherches en chimie se sont principalement intéressées à la chimie des fluides hydrothermaux, 

comment celle-ci évolue au niveau du gradient de mélange et aux facteurs sous-jacents qui contrôlent 

la composition de ces fluides (Barreyre et al., 2014; Charlou et al., 2010; Le Bris et al., 2006a, 2019; 

McDermott et al., 2018). En revanche, peu d’études se sont intéressées aux molécules organiques qui 
composent l’environnement proche des espèces hydrothermales et qui pourraient constituer des 
signaux chimiques importants dans ces écosystèmes. Ce manque de connaissances est possiblement 

lié aux difficultés techniques pour détecter ces molécules dans l’environnement avec les méthodes 
classiques de GC/MS (Chromatographie en phase gazeuse/Spéctrométrie de masse), la concentration 

de ces molécules étant généralement très faible ; ce à quoi s’ajoute les effets inhibiteurs du sel pour 
l’eau de mer qui perturbe la détection de ces molécules. Par exemple, La recherche de molécules du 
quorum sensing liée aux symbiontes des Rimicaris dans l’eau/fluide entourant ces crevettes durant 
une précédente thèse fut sans succès (Le Bloa, 2016; Le Bloa et al., 2017). Cependant, le 
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développement récent d’un nouveau protocole semble permettre d’augmenter très fortement le seuil 
de détection de ces molécules, de 324 fois par rapport aux méthodes de GC/MS classiques, mais aussi 

de retirer le sel des échantillons sans perdre pour autant toute une partie des molécules chimiques 

(Liebeke and Puskás, 2019; Sogin et al., 2019). Cette technique a permis ainsi de dresser le profil 

métabolique des molécules excrétées par les organismes alentours de plusieurs micro habitats précis, 

comme par exemple les eaux interstitielles des sédiments de mangroves ou de récifs coralliens, et de 

comparer les spécificités chimiques de chacun (Sogin et al., 2019).  

Rapporté à notre structure de population, le but de cette expérience serait d’utiliser ce type 
de méthode pour dresser le profil métabolique des molécules chimiques qui entourent les différents 

micro habitats des crevettes Rimicaris et d’identifier des molécules d’intérêt qui ne sont retrouvées 
que dans un type d’habitat et qui pourraient servir de signaux chimiques pour ces espèces. Une 
caractérisation plus poussée de cette/ces molécule(s) pourrait permettre de déterminer son/leur 

origine pour savoir si elle(s) est/sont le produit d’espèces microbiennes ou des Rimicaris elles-mêmes 

ou un cocktail des deux. Ainsi il pourrait être possible de déterminer si la structuration des Rimicaris 

est le résultat de l’influence d’un facteur environnemental ou si celle-ci est le résultat d’une 
organisation sociale, dans le cas où l’espèce produirait et contrôlerait son propre signal. Dans un 
second temps, et s’il est possible de synthétiser ces molécules d’intérêt, il pourrait être intéressant 

d’étudier si ces molécules peuvent être détectées par la crevette, grâce aux nouvelles méthodes 
d’électroantennographie développées récemment (Machon et al., 2016, 2018), ou tout simplement à 

l’aide de tests comportementaux comme ceux réalisés à bord (équipe AMEX) durant l’expédition 

BICOSE 2 avec le sulfure (Cambon-Bonavita, 2018). Enfin, une fois ces tests de détection réalisés, des 

tests ecotoxicologiques pourraient être faits en rajoutant à ces signaux chimiques des perturbateurs 

qui pourraient correspondre aux rejets miniers qui auraient lieu en cas d’exploitation (Cuivre, Zinc …), 
et voir si la détection de ces molécules peut être perturbée par ce type de pollution. Ce type d’étude 
serait fondamental dans ce contexte d’exploitation minière car si de telles pollutions ne provoquent 
pas à priori la mort d’individus comme montré par (Auguste et al., 2016), elle pourrait affecter leurs 

capacités de perception de l’environnement. En effet, dans le cas où la détection de ces signaux 
perturbe des fonctions majeures comme celles impliquées dans la reproduction (rencontre du 

partenaire, accouplement …), la maintenance sur le long terme de cette espèce ne serait plus assurée.  

 Une autre observation étonnante lors de la campagne BICOSE 2, fut la découverte de la 

disparition d’un agrégat de R. exoculata du lieu où il avait pourtant été observé seulement 10 jours 

avant. A la place, un petit agrégat de R. chacei fut retrouvé et quelques R. exoculata éparses, reflétant 

une dynamique temporelle qui pourrait être importante chez ces espèces, même si de nombreuses 

zones étaient à l’inverse extrêmement stables. Ce départ des R. exoculata pourrait être lié à une 

diminution locale de l’activité hydrothermale à cet endroit, les fluides apparaissant comme moins 
actifs, mais l’absence de mesures des conditions environnementales lors du premier prélèvement n’a 
pas permis de conclure sur ce point. Ce type de prélèvements répétés à plusieurs jours d’intervalles 
avec à minima des mesures de températures associées permettrait d’apporter une réponse quant aux 
facteurs influençant cette dynamique, si de tels changements brutaux peuvent être observés à 

nouveau. Cependant ceci ne permettra pas d’observer l’existence de potentiels mouvements 
individuels si les individus quittant l’agrégat ou le groupe sont remplacés par le même type d’individus 

(même sexe/stade de vie). Pour cela, un marquage des individus serait nécessaire avec une 

observation de la même zone où les individus marqués sont retrouvés à t0 et à plusieurs jours 

d’intervalle. Une telle méthode fut par exemple employée pour suivre ce même type de dynamique 
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chez Shinkaia crosnieri en utilisant un colorant, le bleu brillant de Coomassie (Maruyama et al., 2018). 

En comptant le nombre de crabes marqués, juste après avoir appliqué le colorant in situ et deux jours 

après, cette expérience a pu montrer que les assemblages de S. crosnieri étaient très stables sur ces 

échelles de temps. En revanche du fait de sa coloration bleue, le marquage des S. crosnieri était très 

difficile à observer au fond et n’était pas stable plus de 3 jours. Un marquage par coloration pourrait 

être envisagé pour R. exoculata mais si possible avec un colorant plus stable, d’une autre couleur et 
non toxique pour l’environnement. Dans tous les cas, ce marquage sera limité à des échelles de temps 
d’une dizaine de jours maximum, du fait du cycle de mue très court de cet animal. Une autre approche 

qui permettrait un marquage plus précis serait d’utiliser des marqueurs acoustiques ou électroniques 
qui permettrai de suivre individuellement différents individus au cours de leurs mouvements sur 

plusieurs jours/mois comme cela peut être fait chez les abeilles, mais aussi en milieu marin ou d’autres 
milieux aquatiques chez différentes espèces de crustacés (González-Gurriarán et al., 2002; Guerra-

Castro et al., 2011; Hubatsch, 2017; Maitland et al., 2002). Couplé avec une cartographie précise du 

site en identifiant la localisation des zones de fumeurs actif, cette technologie permettrait d’identifier 
le temps passé dans chaque micro habitat par chaque individu, l’étendue des distances parcourues par 
rapport aux émissions actives – certains individus de R. exoculata ayant été repérés à plusieurs 

centaines de mètres du site actif lors des plongées (observations personnelles, BICOSE 2) - mais aussi 

leur comportement spatial de recherche de nourriture, ces animaux se ‘nourrissant’ indirectement des 
émissions de fluides. Cependant de nombreux verrous techniques empêchent à l’heure actuelle 
d’envisager de telles études. En dehors de la difficulté d’obtenir une cartographie précise d’un site 
hydrothermal, la marge d’erreur étant de l’ordre de quelques dizaines de mètres pour ce qui est de la 

position du sous-marin/robot en général (échange et discussion à bord lors d’une présentation de 
Mathilde Pitel-Roudaut, BICOSE 2), plusieurs difficultés constituent des freins majeurs à la réalisation 

de ce type de suivi. Parmi eux, la difficulté de capter le signal émis par les marqueurs depuis la surface 

à de telles profondeurs, obligeant possiblement la mise en place de balise réceptrice au fond est un 

blocage important. Mais c’est surtout l’implantation de ces marqueurs, généralement interne 
nécessitant d’être introduit dans l’animal et donc à bord, ce qui implique la remontée et la redescente 
de l’animal en bonnes conditions physiologiques, qui reste probablement le principal obstacle pour 

lesquel de nouvelles solutions techniques doivent être envisagées.  

Ainsi, les nombreuses voies de recherche dégagées ici, couplées aux développements 

technologiques en cours, permettront dans un futur proche de mieux cerner les mécanismes régissant 

les étapes clé du cycle de vie d’espèces profondes ‘modèles’. Ces études, et les mises au point 
expérimentales et technologiques associées, accélèreront le développement des connaissances sur 

d’autres espèces, moins étudiées à l’heure actuelle. A terme, une meilleure connaissance générale des 

cycles de vie des organismes profonds permettra d’affiner les prédictions issues des approches de 
modélisation, notemment concernant la connectivité des populations profondes et leur résilience face 

aux pressions anthropiques dont le profond n’est aujourd’hui plus protégé. 
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« Quand je suis sorti du jardin, l’idée m’est brusquement venue d’une expérience à faire sur la 
division cellulaire. Une expérience assez simple. Il suffisait de … » 

La Statue Intérieure, Francois Jacob 
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Abstract  

The symbiotic shrimp Rimicaris exoculata dominates the macrofauna inhabiting the active 

smokers of the deep-sea mid Atlantic ridge vent fields. We investigated the nature of the host 

mechanisms controlling the vital and highly specialized ectosymbiotic community confined 

into its cephalothoracic cavity. R. exoculata belongs to the Pleocyemata, crustacean brooding 

eggs, usually producing Type I crustins. Unexpectedly, a novel anti-Gram-positive type II 

crustin was molecularly identified in R. exoculata. Re-crustin is mainly produced by the 

appendages and the inner surfaces of the cephalothoracic cavity, targeting main epibionts. 

Symbiosis acquisition mechanisms are still poorly understood. Yet, symbiotic communities 

were identified at different steps of the life cycle such as brooding stage, juvenile recruitment 

and molt cycle, all of which may be crucial for symbiotic acquisition and control. Here, we 

show a spatio-temporal correlation between the production of Re-crustin and the main 

ectosymbiosis-related life-cycle events. Overall, all our results highlight (i) a novel an unusual 

AMP sequence from an extremophile organism and (ii) the potential role of AMPs in the 

establishment of vital ectosymbiosis along the life cycle of deep-sea invertebrates. 

Keywords: crustacean, extreme, hydrothermal vents, symbiosis, host-microbe interaction, 

host defense peptide, invertebrate immunity, WAP domain, life cycle. 
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NOVEL TYPE IIA CRUSTIN IN THE LIFE CYCLE OF A DEEP SEA VENT SHRIMP 

A.1. Introduction 

In marine habitats such as in deep-sea hydrothermal ecosystems, bacterial associations with 

invertebrates are well-described (McFall-Ngai, 2008). The important animal biomass observed around 

hydrothermal vents is based on the existence of dense chemosynthetic prokaryotic communities 

(Desbruyères et al., 2001; Dick, 2019). Among these communities, a large number forms highly 

specialized symbiotic associations with metazoan hosts. These relationships are now quite well 

studied, e.g. as in the case of the bacterial community inhabiting the cephalothoracic cavity of the 

shrimp Rimicaris exoculata (Guri et al., 2012; Jan et al., 2014; Petersen et al., 2010; Ponsard et al., 

2013).  

By contrast, understanding the mechanisms by which hosts selectively recruit bacteria for 

long-term (core) or short-term (flexible) specific relationships is still a considerable challenge (Sharp 

and Ritchie, 2012). To date, most of the existing literature has focused on the role of immune receptors 

(lectins, PGRPs…) in marine symbiotic associations. A given immune receptor recognizes some families 
of microbes (bacteria, fungi…) on the basis of motifs of recognition (LPS, LTA, mannan…), commonly 
exposed on the membrane of friend and foe microorganisms (Rakoff-Nahoum and Medzhitov, 2006). 

However, other selective and specific host processes are required to discriminate between pathogenic 

or mutualistic microbes in order to selectively kill or tolerate them. Amongst the few other immune 

substances known to be involved in host-symbiont associations, host defense antimicrobial peptides 

(AMPs) represent promising actors (Franzenburg et al., 2013; Gallo and Nakatsuji, 2011; Mergaert, 

2018; Salzman et al., 2010; Tasiemski et al., 2015). AMPs are chemical components that take part in 

both the internal and external immune defenses (i.e. they can be secreted in the outer parts of the 

body), thus playing functions in the control/establishment of ectosymbiosis as described for the 

hydrothermal worm Alvinella pompejana (Bulet et al., 2004; Maróti et al., 2011; Zasloff, 2002). From 

an evolutionary perspective, the adaptive diversification of AMPs at the interspecific and intraspecific 

levels makes them of particular interest to decipher the immune mechanisms driving bacteria-specific 

and environment-dependent symbioses (Gosset et al., 2014; Tennessen, 2005; Unckless et al., 2016).  

The Pleocyemata shrimp R. exoculata (Williams and Rona, 1986) dominates the fauna at 

several hydrothermal vent sites of the Mid-Atlantic Ridge (MAR) (Segonzac et al., 1993). This deep-sea 

crustacean thrives in such hostile habitats through an association with two distinct ectosymbiotic 

microbial communities: one in its gut (Durand et al., 2010, 2015; Zbinden and Cambon-Bonavita, 2003) 

and the other in its enlarged cephalothoracic cavity (Casanova et al., 1993; Guri et al., 2012; Hügler et 

al., 2011; Jan et al., 2014; Petersen et al., 2010; Polz and Cavanaugh, 1995; Zbinden et al., 2004, 2008). 

Previous studies have demonstrated the chemotrophic role of the symbionts that colonize the 

cephalothoracic cavity (Gebruk et al., 2000; Polz et al., 1998; Ponsard et al., 2013; Van Dover et al., 

1988). This specialized ectosymbiosis, composed of few specific bacterial lineages, mainly 

Proteobacteria and Campylobacterota (previously Epsilonproteobacteria) (Waite et al., 2008), is 

confined to the internal faces of the lateral carapace (branchiostegites) and the mouthparts 

(scaphognathites) of the cephalothorax cavity (Guri et al., 2012; Jan et al., 2014; Polz and Cavanaugh, 

1995; Zbinden et al., 2004). While the gut symbiotic community also harbors Proteobacteria and 

Campylobacterota, other symbionts have been found in the digestive system, such as the Mollicutes 

or the Deferribacteres (Durand et al., 2010, 2015; Zbinden and Cambon-Bonavita, 2003), evoking an 

organ-dependent mode of selection of the symbionts by the host. Interestingly, every 10 days, the 

microbial community of the cephalothoracic cavity, but not of the gut, is eliminated during the molt of 
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the adult and ectosymbionts rapidly re-colonize the host cephalothoracic cavity (Corbari et al., 2008b; 

Le Bloa et al., 2017; Zbinden et al., 2008). This re-colonization process is strictly similar for each 

individual and strictly located on the same area of mouthparts and branchiostegites, suggesting a tight 

selection of the bacteria by the host (Corbari et al., 2008b; Guri et al., 2012; Zbinden et al., 2008). 

However, the immune mechanisms involved in this association remain mostly unknown. Only the 

recent work by Liu and his colleagues (Liu et al., 2019), has characterized the potential immune role of 

a C-type lectin, highly expressed in the scaphognathite, which could selectively recognize and 

agglutinate some of the cephalothoracic symbionts. 

The immune system of crustaceans is based on cellular and humoral responses involving, 

among other substances, the production of AMPs (Destoumieux-Garzón et al., 2001). Several classes 

of both gene-encoded and non-ribosomally synthetized AMPs have been identified and characterized 

in major commercial species of decapod crustaceans (Rosa and Barracco, 2010; Smith and Dyrynda, 

2015). To our knowledge, despite a particularly well-described role of these molecules in the immune 

response of crustaceans against pathogens (Destoumieux-Garzón et al., 2001), no studies have ever 

been conducted on their involvement in mutualistic symbiosis. 

Crustins form a diverse and multigenic family of AMPs found in virtually all crustacean groups 

and in some hymenopteran insects (Tassanakajon et al., 2018). They are mainly active against Gram-

positive bacteria, but their unique feature is the presence of a C-terminal whey acidic protein (WAP) 

domain, a conserved cysteine-rich motif (four-disulfide core or 4DSC) that exhibits antiprotease 

activities (Smith et al., 2008). Crustins are divided into four groups (Types I to IV) according to the 

presence/absence of two N-terminal structural domains: the glycine-rich and the cysteine-rich regions 

(Smith and Dyrynda, 2015). Type I crustins contain an N-terminal cysteine-rich region (with four 

conserved cysteine residues) followed by the typical C-terminal WAP domain. In addition to the 

cysteine-rich region, Type II crustins also harbor a highly hydrophobic glycine-rich region at the N-

terminus. Comparatively, crustin members from Types III and IV are composed by one and two WAP 

domains, respectively, and are devoid of any other domains. Interestingly, while Type I crustins are 

widely distributed across decapod crustaceans (Pleocyemata and Dendrobranchiata), Type II crustins 

(Sub-Types IIa and IIb) are mainly present in penaeid shrimps (Dendrobranchiata) (Barreto et al., 2018). 

In this study, we explored the sequence conservation of a novel glycine-rich crustin member, 

Re-crustin, produced by the extremophile Pleocyemata shrimp, R. exoculata. Then, we investigated 

expression patterns in different host tissues and throughout its life cycle in order to identify 

correlations with the main symbiosis related events taking place at different life stages of this vent 

shrimp. These events include embryonic development (Guri et al., 2012; Methou et al., 2019a), juvenile 

settlement into adult habitats (Methou personal observation), and through the molt cycle involving 

re-establishment of the symbiotic community after each molting event (Corbari et al., 2008b). 

A.2. Materials and methods 

A.2.1. Specimen collection 

Rimicaris exoculata were collected at two MAR hydrothermal vent fields, TAG (26°08' N;-

3640m) and Snake Pit (23°23' N;-3480m), with the research vessel Pourquoi pas? using the suction 

sampler of the remotely operated vehicle (ROV) Victor 6000 and the human operated submersible 

Nautile during the oceanographic cruises BICOSE2014  https://doi.org/10.17600/14000100 and 

https://doi.org/10.17600/14000100
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BICOSE2018 http://dx.doi.org/10.17600/18000004 (Fig 79A. to 79C.). The isobaric collection device 

PERISCOP (Shillito et al., 2008) was used to collect shrimps at different life stages (early and late eggs, 

recruited juveniles collected within adults’ aggregates (Fig 79D), and adults at different molting 

stages). They were dissected aboard, and pieces were either flash frozen in liquid nitrogen before being 

kept at -80°C (with or without Trizol ReagentTM, Invitrogen) or were kept straight after sampling at 4°C 

(in 4% Paraformaldehyde) until further use at the laboratory (Fig 79E an 79F).  

A.2.2. Molecular identification of Re-crustin  

The nucleotide sequence of the Re-crustin was obtained by RT-PCR using 2 µg of template 

cDNA, with the forward primer 5’- GACAAACACCTCCTCCTCCTCCA -3’ designed from the incomplete 5’ 
coding sequence of a crustin sequence available in GenBank (accessing number FJ573157) and the 

oligo (dT)18 primer. 

-cDNA synthesis: Whole animals were ground in Trizol ReagentTM using the Ultra-Turrax T25 

® (IKA). RNA was extracted according to the manufacturer’s instructions. The concentration of 
extracted RNA was estimated with the Qubit® 3.0 Fluorometer (ThermoFisher Scientific). RNA extracts 

were treated by RQ1 RNase-free DNase (Promega) and used for cDNA synthesis with the RevertAid M-

MuLV RT kit (ThermoFisher Scientific) according to the manufacturer’s protocol. Reaction mixtures for 
PCR amplifications contained 0.1 µM of each primer, 0.25 mM of each desoxynucleotide triphosphate, 

5× Go Taq G2 Flexi buffer (Promega), and 5 U of GoTaq G2 Flexi DNA polymerase (Promega). The PCR 

program involved an initial denaturation step at 95°C for 3 min, followed by 39 cycles of 95°C for 1.5 

min, 55°C for 1.5 min, and 72°C for 1.5 min, with a final elongation step at 72°C for 5 min.  

- Molecular cloning and sequence analysis: PCR products from each replicate were pooled and 

then purified with the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel). Purified PCR products 

were cloned using the TOPO-TA kit (Invitrogen, Carlsbad, CA, USA). Clones were sequenced according 

to the Sanger method (Sanger and Coulson, 1975) on a 310 ABI prism (Applied Biosystems). Sequences 

were imported into Geneious© version 8.1 software (Biomatters, available from 

http://www.geneious.com/). Prediction of signal peptide was performed with the SignalP 4.1 program 

(Petersen et al., 2011b) and the presence of conserved domains was tested using the SMART 7.0 

protein analysis tool (Schultz et al., 1998) Homology searches were performed using BLAST at NCBI. 

Multiple alignments of the deduced amino acid sequences (Type I, Type IIa and Type IIb crustins) were 

generated using the MAFFT software (scoring matrix BLOSUM62) (Katoh et al., 2002). Phylogenetic 

analysis based on the amino acid sequences were conducted in MEGA X (Kumar et al., 2018) using the 

Maximum Likelihood method (complete deletion option). Trees were resampled 1,000 times. 

A.2.3. Determination of the level and site of Re-crustin gene expression by 

RT-qPCR 

Tissues from branchiostegite, scaphognathite, gills, abdomen, stomach, hepatopancreas and eggs 

dissected aboard as wells as whole adults and juveniles were ground in Trizol ReagentTM using 

FastPrep-24® 5G (MP Biomedicals). Total RNA extraction and RT were performed as described in the 

previous section.  

The primers used for the quantitative PCR were designed with the Primer3 Input software 

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3www.cgi).  

http://dx.doi.org/10.17600/18000004
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- crustin primers: forward: 5’- ACTGCTGTGAGAACGGGAAC -3’; reverse: 5’-AACATGTTTGAGGGGGTCCT 

-3’ 
- Rpl8 primers: forward: 5’- GAAGCTCCCATCAGGTGCCAAGAA -3’; reverse 5’- 
TTGTTACCACCACCGTGAGGATGC -3’. 

The Rpl8 gene was used as the reference gene (Cottin et al., 2010a). Real-time quantitative 

PCR reactions (RT-qPCR) were conducted on a LightCycler® 480 system (Roche) using a hot start 

enzyme. RT-qPCR assays were submitted to an initial denaturation step of 10 min at 94°C followed by 

40 cycles of denaturation at 94°C for 15 s, annealing at 59°C for 1 min and extension at 72°C for 30 s. 

Reference and target were amplified in separated wells. After amplifications, a melting curve analysis 

was performed in order to confirm the specificity of the PCR products. Re-crustin primers generated a 

single and discrete peak in the dissociation curve (data not shown). A negative control and a 5-fold 

dilution series protocol of pooled cDNAs were included in each run. The 5-fold dilution series were 

used to construct a relative standard curve to determine the PCR efficiencies and for further 

quantification analysis. In all experiments, all primer pairs gave amplification efficiencies of 90-100%. 

Each reaction was run in triplicates. Analysis of relative gene expression data was performed using the 

ΔΔCq method (Livak and Schmittgen, 2001). For each couple of primers, a plot of the log cDNA dilution 

versus ΔCq was generated to validate the RT-qPCR experiments (data not shown).  

A.2.4. Immuno-location of Re-crustin protein by western blot and by 

immunohistochemistry 

Polyclonal antiserum: The chemically synthesized region of Re-crustin 

(PTRFGGPPQTCSSDSSCTNNYTDK) was coupled to ovalbumin and used for the immunization procedure 

of two New Zealand White rabbits (Saprophyte Pathogen free) according to the protocol of CovalabTM 

(France).  

Protein extraction and electrophoresis: Total proteins were isolated from the samples used for 

RNA extraction according to the manufacturer’s instructions (Trizol ReagentTM, Invitrogen). The white 

band containing the proteins was washed with a solution of 0.3 M guanidine hydrochloride in 95% 

ethanol, and then resuspended in 9.5 M urea and 2% CHAPS. The protein concentration was 

determined by the Bradford method using BSA as a standard (Bradford, 1976). Proteins were 

separated by a denaturing SDS-PAGE electrophoresis. The running gel was composed of 12% 

acrylamide (12% acrylamide; Tris-HCL 1.5 M, pH 8.8; 0.1% SDS; 0.1% ammonium persulfate; 0.01% 

TEMED) and the stacking gel was composed of 4% acrylamide (4% acrylamide; Tris-HCL 0.5 M pH 6.8; 

0.1% SDS; 0.1% ammonium persulfate; 0.01% TEMED). A total of 22 μg of protein was loaded in 

Laemmli buffer (Tris 125 mM pH 6.8; 20% glycerol; 4% SDS and 5% β-mercaptoethanol). Gels were run 

at 70 V for 15 min and then at 180 V for 20 min.  

Immunoblot: The proteins of the SDS-PAGE gel were transferred to a nitrocellulose membrane 

0.2 µm (BIO RAD) by semi-dry electro blotting (0.8-1.2 mA/cm²). After transfer, the gel was stained by 

Coomassie Brilliant Blue R-250 (Bio Rad). The membrane was blocked for 1 h in PBS at 0.1 M containing 

0.05% Tween 20 and 5% casein and was then probed with the rabbit polyclonal anti-Re-crustin 

antibody (1:300 dilution) in a the blocking solution (PBS at 0.1 M with 5% w/v nonfat dry milk) 

overnight at 4°C. After three washes with PBS/0.05%-Tween 20, the membrane was incubated for 1 h 

in the blocking solution at room temperature with the peroxidase-conjugated anti-rabbit secondary 

antibody Abcam (1:5000 in PBS at 0.1 M containing 0.05% Tween 20; at 1 h). A ClarityTM Western ECL 
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Substrate (Bio Rad) was used for the chemoluminescence visualization of the immunolabelling with a 

Kodak Bio Max light film.  

Immunocytochemistry and immunohistochemistry: Eggs, juveniles and tissues were fixed 

aboard in 4% paraformaldehyde. Later, immunohistochemistry was performed on paraffin sections of 

eggs (thickness of 4µm), juveniles and adult tissues (thickness of 7µm). Consecutive paraffin sections 

were made with a LEICA RM 2255 microtome. Immunocytochemistry and immunohistochemistry were 

performed with the rabbit anti-Re-crustin (1:400) and the FITC-conjugated anti-rabbit secondary 

antibody (1:100; Jackson Immunoresearch Laboratories). Samples were examined using a confocal 

microscope (Zeiss LSM LSM780) and the Fluorescence microscope (Zeiss Axio Imager 2). 

A.2.5. Determination of antimicrobial activities  

Samples: Branchiostegites and scaphognathites were crushed with the rotor CoolPrep, MP system (3 

times 20 sec at 60 rpm) in 0.1 M PBS at 4°C. 10 µL of samples were incubated without (control) or with 

the anti-Re-crustin antibody (dilution 1:400) at 4°C for 20 min.  

Radial diffusion assay: 10 µL of each sample were spotted onto LB-agar (Luria-Bertani) plates 

containing alive Gram-positive Micrococcus luteus or alive Gram-negative Vibrio diabolicus (1x105 

Colony Forming Unit (CFU)/mL of LB agar). After an overnight incubation at 37°C, the activity was 

quantified by measuring the diameter of the bacterial growth inhibition.  

A.3. Results 

A.3.1. Re-crustin, a novel member of Type IIa crustins from the deep-sea 

shrimp R. exoculata  

The complete nucleotide sequence of Re-crustin was obtained by 5’-RACE RT-PCR from total 

RNA extracted from the entire shrimp R. exoculata. The complete cDNA sequence encodes a precursor 

of 190 amino acid residues, which includes a 15 residues signal peptide (Fig 80A.). The mature 

polypeptide is predicted to consist of 175 residues with a calculated molecular weight of 17.82 kDa 

and a theoretical isoelectric point (pI) of about 8.5. The mature Re-crustin is composed by a 

hydrophobic glycine-rich region followed by a C-terminus containing a cysteine-rich region (with 4 

conserved cysteine residues) and a single WAP domain (Fig 80B.). The glycine-rich region of Re-crustin 

possesses ten sequential repeats of the heptapeptide Gly-Gly-(Gly/Val)-Phe-Pro-Gly-Gln 

[GG(G/V)FPGQ].  

Besides the presence of an N-terminal glycine-rich region, multiple sequences alignment 

analysis confirmed that Re-crustin is an authentic Type II member from the Sub-Type IIa (Fig 81.). The 

Re-crustin sequence showed highest homology to Type IIa crustins from other decapods from the 

Pleocyemata suborder, including the red cherry shrimp Neocaridina heteropoda (NhCrustin, 67% 

amino acid identity), the morotoge shrimp Pandalopsis japonica (Paj-CrusIIc, 64% amino acid identity), 

the Japanese spiny lobster Panulirus japonicus (PJC1-4, 59-66% amino acid identity) and the Chinese 

mitten crab Eriocheir sinensis (Escrustin-1, 63% amino acid identity). Within Type II crustins from 

penaeid shrimp (Dendrobranchiata), Re-crustin was 52-59% identical to Type IIa crustins and 44-53% 

identical to Type IIb crustins. On the other hand, the mature Re-crustin displayed 36-44% identity to 

Type I crustins from decapods from both Pleocyemata and Dendrobranchiata suborders. Less than 30% 

amino acid identity was observed between Re-crustin and Type III (single WAP domain-containing 
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proteins or SWD) and Type IV crustins (double WAP domain-containing proteins or DWD). Western 

blot analysis from total protein extracts showed a band at the predicted molecular weight confirming 

(i) the specificity of the antibody designed to recognize the WAP domain of Re-crustin and (ii) the 

translation of the Re-crustin transcripts (Fig 82B.).  

A.3.2. Production sites of Re-crustin in adults 

RT-qPCR and Western blot analyses were performed on exactly the same tissues from the 

same individuals (Fig 82.). Results showed the presence of both transcripts (Fig 82A.) and proteins (Fig 

82B.) in the pieces of the cephalothoracic cavity. Neither the transcripts nor the proteins were 

detected in the gut, the hepatopancreas and the stomach. The major Re-crustin producing tissues were 

clearly those on which the ectosymbiotic community of the cephalothoracic cavity develops, i.e. the 

branchiostegites and scaphognathites. Cellular localization of Re-crustin was then investigated in these 

pieces of carapace colonized by symbionts using immunohistochemistry and confocal microscopy 

analyses (Fig 83.). Immunolabelling with the anti-crustin antibody provided evidence for the synthesis 

of Re-crustin by the epithelium cells beneath the cuticle of the branchiostegites and scaphognathites 

from adults (Fig 83A. and 83C.) and its accumulation on the cuticle that delimits the cephalothoracic 

cavity. Interestingly, Re-crustin covered some of intact ectosymbiotic bacteria anchored to these 

mouthpieces (Fig 83C. and 83E.).  

A.3.3. Role of Re-crustin in the antimicrobial activities of the branchiostegites 
and scaphognathites  

Antimicrobial assays performed from crude extracts of branchiostegites and scaphognathites 

showed anti-bacterial activities against Gram-positive but not against Gram-negative bacteria (Fig 84.). 

Part of this antibiotic effect is reduced when the endogenous Re-crustin is blocked by adding the 

specific Re-crustin antibody to the extract, confirming the production of active Re-crustin in both 

scaphognathites and branchiostegites as well as its biological properties.  

A.3.4 Production site of Re-crustin along the life cycle of the shrimps 

The transcriptomic and protein levels of Re-crustin were investigated at different stages of the 

shrimp life-cycle for which the colonization states by the ectosymbionts were already described (Fig 

85.) (Guri et al., 2012; Methou et al., 2019a). In eggs, the gene is slightly expressed (Fig 85A.), but the 

protein is not detected in the western blot analysis (Fig 85B.). Using immunohistochemistry, which is 

a more sensitive method, we detect a small amount of the protein in the membrane of freshly spawned 

eggs (early eggs (Fig 86A.)). In late stages, Re-crustin was immunodetected into vesicles beneath the 

cell membrane (Fig 86Ca.) and on the bacteria that form the biofilm surrounding the eggs (Fig 86Cb.). 

RT-qPCR data using total RNAs extracted from whole juveniles combined with western blot show that 

Re-crustin transcripts and proteins are highly abundant at this stage (Fig 85A.). Re-crustin was 

immuno-localized on the cuticle that delimits the cephalothoracic cavity, and also in the nervous 

system (Fig 87.). 

Because the life of adults is punctuated by molt cycles, the same protocol was applied to 

“white” adults at the beginning of their molt cycle in comparison with “red” adults at the end of their 

molt cycle (Fig 88.). In both cases, Re-crustin transcripts were not detected by RT-qPCR using RNA 

extracted from whole animals, probably because of an over dilution of the transcripts (Fig 85A.). By 

contrast, the protein was abundantly present in red adults at their pre-ecdysial stage while it was 

undetectable in adults that have just molted and are starting a new cycle (Fig 85B.). 



 

  

 283 

 

A. ANTIMICROBIAL PEPTIDES AND ECTOSYMBIOTIC RELATIONSHIPS: INVOLVEMENT OF A 
NOVEL TYPE IIA CRUSTIN IN THE LIFE CYCLE OF A DEEP SEA VENT SHRIMP 

Immunohistochemistry (Fig 88.) showed an accumulation of Re-crustin in the epidermis beneath the 

cuticle colonized by epibionts of red animals only (Fig 88.). 

A.4. Discussion 

We provide here evidence for a novel biological role for gene-encoded antimicrobial host 

defense peptides (AMPs) in crustacean-microbe interactions. Our results revealed that the expression 

of a new member of the classic crustin AMP family (Re-crustin) is highly correlated with the 

establishment of the ectosymbiotic microbial communities inhabiting the cephalothoracic cavity of the 

extremophile deep-sea shrimp, R. exoculata. Different from its Pleocyemata counterparts that mainly 

produce Type I crustins, R. exoculata expresses in its tissues a N-terminal glycine-rich crustin that 

belongs to the Sub-Type IIa. Indeed, the Type II comprises a distinct group of crustins usually found in 

penaeid shrimp (Dendrobranchiata suborder) that is subdivided into two Sub-Types: Type IIa 

(“Crustins”) and Type IIb (“Crustin-like”) (Tassanakajon et al., 2018). Although unusual, the presence 

of Type IIa crustins has been reported for other decapod crustaceans from the Pleocyemata suborder 

(Kim et al., 2013; Pisuttharachai et al., 2009). On the other hand, Type IIb crustins were only described 

in penaeid shrimp species (Barreto et al., 2018). 

The presence of a signal peptide in the Re-crustin precursor, together with the results obtained 

from the Western blot analysis, provides evidence of its processing prior to the release of the Re-

crustin into the extracellular compartment where it exerts its biological properties. The accumulation 

of Re-crustin on the surface of some ectosymbionts, as evidenced by immunohistochemistry, also 

supports the extracellular secretion and clearly shows an interaction of Re-crustin with the 

ectosymbiotic community of the cephalothoracic cavity in vivo. This interspecific interaction appears 

as an important function of Re-crustin in R. exoculata. Our multiple approaches all demonstrate that 

Re-crustin is essentially produced by the mouthparts in the cephalothoracic cavity, which is hugely 

colonized by the ectosymbionts, (Casanova et al., 1993; Guri et al., 2012; Petersen et al., 2010; Zbinden 

et al., 2004). Re-crustin was slightly detected in the digestive tract, which is colonized by a microbial 

community different from the one of the cephalothoracic cavity (Durand et al., 2010, 2015). This 

suggests a low contribution of Re-crustin in this organ and underlines the importance of the molecule 

in the cephalothoracic cavity of Rimicaris. When tested for their production of antibiotics, the 

scaphognathites and branchiostegites showed anti-Gram-positive properties that were partially, but 

not only, due to Re-crustin, thus suggesting the synthesis of other still undiscovered antibiotics by 

these appendages or their associated bacteria. No activity was observed against the tested 

Proteobacteria, confirming Re-crustin as belonging to the Type IIa crustins which are known to be 

mainly active against Gram-positives (Supungul et al., 2008) while the Type IIb crustin from Penaeus 

monodon (crustinPm7/Crus-likePm) showed antibacterial activity against both Gram-positive and 

Gram-negative bacteria (Amparyup et al., 2008; Banerjee et al., 2015). Since Archaea are highly 

abundant in hydrothermal vents, and because their cell wall is more similar to those of Gram-positive 

than those of Gram-negative bacteria, an anti-Archaea activity of Re-crustin could be expected even if 

it remains to be tested when it would be technically feasible. Because they are also uncultivable, the 

ectosymbionts could not be used for in vitro antimicrobial assays. However, immunodetection with 

the anti-Re-crustin antibody showed that the AMP covers the surface of the filamentous 

ectosymbionts (mainly composed of Gram-negative Proteobacteria/Campylobacterota) without killing 

them. A control of the bacterial growth via bacteriostatic activities of Re-crustin as observed in the 

endosymbiostasis of beetles cannot be excluded (Masson et al., 2016). 
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Re-crustin is probably part of a cocktail of AMPs and immune receptors, such as the recently 

characterize type C lectin (Liu et al., 2019), acting synergistically to shape the symbiont community and 

to prevent the colonization of the gills by pathogens and/or competitors such as Gram-positive 

bacteria and also Archaea. Further investigations will have to be performed to identify the other 

antibiotics involved in the emblematic ectosymbiotic association of Rimicaris. Unexpectedly, Re-

crustin is absent from the hemolymph in which it is generally abundantly present as a classic AMP 

against systemic bacterial infection of most crustaceans. Also surprisingly, neither antimicrobial nor 

clotting activities were observed in the hemolymph of the deep-sea shrimp, suggesting that its 

antimicrobial defenses are based on mechanisms somehow different from those generally observed 

in most crustaceans. Re-crustin was also immunodetected in the central nervous system (CNS). Further 

investigations should be performed to determine whether the expression sites are the neurons 

themselves or the epithelial cells infiltrated into the nervous system as documented for the crustin 

named PET-15 in the spiny lobster (Stoss et al., 2004). A multifunction of Re-crustin appears also as a 

potential hypothesis to explore, following e.g. results on the neuronal growth activities of AMPs 

produced by the CNS of other invertebrates (Tasiemski and Salzet, 2017). 

To go further into the role of Re-crustin in the ectosymbiostasis of Rimicaris, we explored the 

spatio-temporal correlations between the levels of production of Re-crustin and the ectosymbiotic 

acquisition/loss/re-colonization events that punctuate the life cycle of the hydrothermal shrimp. Our 

data show that Re-crustin is already present at the surface of just spawned eggs. The synthesis is 

enhanced in late eggs still attached to the abdomen of the mother, as they are being colonized by a 

dense mat of bacteria. Interestingly, Re-crustin secreted by late eggs covers the bacteria forming the 

biofilm. The biofilm formation appears as an inducible signal for Re-crustin synthesis/secretion in eggs 

during their embryonic stages and thus may contribute to the development of the immune system. 

Re-crustin may also serve as an anti-competitive agent for the symbionts. During their embryonic 

development, R. exoculata egg envelopes are colonized by bacterial communities that partly differ 

from adult’s symbiotic communities for late stage eggs (Guri et al., 2012; Methou et al., 2019a). After 

hatching, larvae undergo several molting events to the juvenile stage A, while dispersing in the water 

column before their recruitment to a new hydrothermal vent field (Guri et al., 2012; Hernández-Ávila 

et al,  2015). Although we cannot rule out the possibility that some of the bacteria present on eggs 

during embryonic development are carried along during post-hatching larval life until recruitment, 

recruited juveniles appear to be mostly colonized anew shortly after settlement by an ectosymbiotic 

community i.e. the one of the cephalothoracic cavity in adults (Le Bloa et al., 2017). In late eggs and 

even much more pronounced in recruited juveniles, the peak of synthesis of Re-crustin corresponds to 

the development of a novel bacterial community. Re-crustin would then appear as a developmental, 

metamorphic signal induced by the symbiotic community in the eggs and in the juveniles stages.  

Immunohistochemistry combined with RT-qPCR and western blot data also show a spatial 

correlation between the AMP and the symbionts, with an abundant presence of Re-crustin in the late 

eggs and in the epidermis cells beneath the cuticle of the branchiostegites and scaphognathites 

carrying the ectosymbionts, in recruited juveniles and in adults. As far as we know, only few studies 

have been devoted to the investigation of crustin expression during the early stages of crustacean’s 
life and none were correlated with the associated bacterial community (Hauton et al., 2007; 

Jiravanichpaisal et al., 2007; Smith et al., 2008; Smith and Dyrynda, 2015). Hauton and colleagues have 

shown that Type I crustin expression levels are similar in lobster Homarus gammarus postlarvae stages 

IV and VI (Hauton et al., 2007). Larvae of the shrimp P. monodon have been reported to express a Type 
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IIb crustin transcript at high levels at all stages of development from nauplii IV through to juveniles 

(Barreto et al., 2018). In all reported cases, an immune function of crustins in larvae was proposed but 

their involvement in the symbiostasis was not investigated.  

Like most crustaceans and contrary to metabole insects, Rimicaris still molt during their adult 

stage. Molting results in the complete renewal of the cuticle (including mouth appendages) together 

with the loss of the attached ectosymbiotic community, notably on scaphognathites and 

branchiostegites in our case. Interestingly, the production of Re-crustin by the scaphognathites and 

branchiostegites reaches a peak when the re-colonization occurs, corroborating the role of Re-crustin 

in the control of the symbiosis acquisition and probably in the selection of the appropriate bacteria 

from the habitat. Since Rimicaris forms large and dense colonies constituted by individuals 

desynchronized in their molting and development, the symbiotic bacteria remain always available 

within the population, such as on shed exuvia, thus allowing the horizontal transfer of the symbionts. 

Because Re-crustin accumulates on the surface of both the symbionts and the cuticle of the 

appendages, the molecule may also serve as a communication pathway in between the host and the 

bacteria thus favoring the recruitment and the horizontal transfer of the free-living symbionts.  

During the extremely short molt cycle (10 days), the symbiont growth is accompanied by a progressive 

mineral accumulation, caused in part by the symbiont activities (Corbari et al., 2008a, 2008b). In pre-

ecdysial advanced stage, the mineral crust completely surrounds the symbionts and some lysis forms 

can even be observed. The recovery induced by molting could "stifle" the symbionts that would no 

longer be able to properly feed their host. The host might thus trigger its molt to recycle its 

ectosymbionts. Therefore, the R. exoculata molt cycle could be compared to the concept of symbiotic 

trade-off retrieved in insects (Masson et al., 2016) whereby insects offer “board and lodging” to the 
endosymbionts as long as they can rely on their metabolic supply, and recycle them by autophagy and 

apoptosis when the cost of symbiont maintenance overcomes the provided benefits.  

Our results overall highlight a novel AMP sequence from an extremophile organism and fill 

some knowledge gaps regarding the role of AMPs in the establishment of vital ectosymbioses that take 

place along the life cycle of marine organisms. R. exoculata enlarged cephalothoracic cavity offers a 

mechanic but also an immune protective environment for the symbionts against the harsh 

hydrothermal vent conditions and their microbial competitors while the symbionts provide nutrients 

via a transcuticular transfer (Ponsard et al., 2013) and maybe an immunity to the shrimp. The 

developmental and metamorphic role of the ectosymbiosis via the induced production of Re-crustin 

would have to be investigated to decipher the correlated production of the AMP with the symbiotic 

colonization and the transition stages of the host. 
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Fig 80. Rimicaris exoculata sampling and summary of its symbiotic relationships through its life cycle 
A. R/V Pourquoi pas? B. HOV Nautile used for sampling. C. Location of the two hydrothermal vent sites 
presently studied along the Mid-Atlantic. D. Suction sampling of the shrimps with the human operated 
submersible Nautile during the oceanographic cruise BICOSE2018. E. Rimicaris exoculata 
cephalothoracic chamber (modified from Segonzac et al., 1993).  F. Life cycle of Rimicaris exoculata. 
Inspired from the figure of (Laming et al., 2018). 
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Fig 81. Re-crustin sequence. A. The full-length nucleotide (above) and predicted amino acid (below) 
sequences of Re-crustin cDNA from Rimicaris exoculata. The start and stop codons and the putative 
polyadenylation site are in bold and underlined. The signal peptide is underlined. B. The predicted 
organization of WAP domain is shown in grey boxes. The twelve conserved cysteine residues are 
framed. 
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Fig 82. Comparison of Re-crustin with other Type I and Type II crustins from decapod crustaceans. A. 
Amino acid sequence alignments of the cysteine-rich region and the WAP domain of crustins. Identical 
amino acid residues are highlighted in black while specific amino acid residues found in Type IIa 
(“Crustin”), Type IIb (“Crustin-like”) and Type I (“Carcinin”) peptides are highlighted in blue, yellow and 
green, respectively. Triangles (▼) indicate the 12 conserved cysteine residues. B. Phylogenetic analysis 
of Type I and Type II crustins. The tree was constructed using the Maximum Likelihood method with 
bootstrap values calculated from 1,000 trees. 
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Fig 83. Re-crustin distribution in tissues of adults of Rimicaris exoculata. A. Quantification of the levels 
of expression of Re-crustin in the cephalothoracic cavity (branchiostegite; scaphognathite; gills) and in 
the digestive tract (gut; stomach; hepatopancreas) by RT-qPCR analysis using the ∆∆Cq method. In grey 
symbiotic tissues. The graphs show the mean ± SEM of triplicate samples. (*p < 0.05; t-test). Reference 
(Rpl8) and target were amplified in separated wells (n > 10 in all cases). B. Western blot analysis was 
performed using total protein extracts from branchiostegite; scaphognathite; gills; gut; stomach and 
hepatopancreas dissected from adults. Immunostaining with the anti-Re-crustin antibody revealed 
one band of approximately 17 kDa corresponding to Re-crustin mass prediction. Mw: molecular weight 
markers. Equivalent well loading was assessed by a generic protein coloration of the gel (Coomassie 
Brilliant Blue R-250). 
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Fig 84. Immunolabelling on paraffin sections with a thickness of 7µm of Re-crustin on pieces of 
carapace colonized by bacteria. Schematic Rimicaris exoculata cephalothoracic chamber illustrated by 
two photos in electron microscopy (1-2) the filamentous epsilon Proteobacterial epibionts. (A-D) 
Branchiostegite and (E-F) scaphognathite. (A-C) The anti-crustin antibody specifically labels in green 
the tissue that lines the inside of the cephalothoracic cavity and also covers the surface of some 
attached bacteria. (E) Some bacteria attached to the scaphognathite are also labelled. (B-D-F) No 
labelling appears with the pre-immune control. Nucleic acids are labelled in blue (DAPI). The white 
field is superimposed in E and F to see the shadows of the structures. The observations were made 
using the confocal microscope, Zeiss LSM 780. Scale bars correspond to 20 µm. 
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Fig 85. Antimicrobial activities of crude extracts of branchiostegites (Br) and scaphognathites (Sc) 
against Gram-positive and Gram-negative bacteria. The antibody added to the extracts acts as a 
blocking agent of the endogenous Re-crustin. The red circles underline the antimicrobial activities. 
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NOVEL TYPE IIA CRUSTIN IN THE LIFE CYCLE OF A DEEP SEA VENT SHRIMP 

 

Fig 86. Re-crustin distribution along the Rimicaris exoculata life cycle and molt stages. A. Gene 
expression analysis by RT-qPCR. The graph shows the mean + SEM of triplicate samples (*, p < 0.05; t 
test). Reference (Rpl8) and targets were amplified in separated wells (n > 10 in all cases). B. Western 
blot analysis was performed using total protein extracts from eggs, juveniles, adults (beginning of molt 
cycle) and adults (end of molt cycle). Immunostaining with the anti-Re-crustin antibody revealed one 
band of approximately 17 kDa corresponding to Re-crustin mass prediction. Mw: molecular weight 
markers. Equivalent well loading was assessed by a generic protein staining of the gel (Coomassie 
Brilliant Blue R-250). 
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Fig 87. Immunolabelling on paraffin sections with a thickness of 4 µm of Re-crustin on eggs of early 
stages (A-B, no biofilm) and of late stages (C-D, a-b, orange biofilm). A. No labelling is visible in the 
panels corresponding to eggs at young stage, with the specific antibody or B. with the pre-immune 
control. On late stages, the biofilm that covers the eggs is clearly labelled (C, b for a closer view), and 
some vesicles containing Re-crustin are visible beneath the membrane of the egg (C; a; for a closer 
view). D. No labelling is visible with the pre-immune control. Nucleic acids are labelled in blue (DAPI). 
The white field is superimposed to see the shadows of the structures. The observations were made 
using the confocal microscope, Zeiss LSM 780.  Scale bars correspond to 20 µm. 
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A. ANTIMICROBIAL PEPTIDES AND ECTOSYMBIOTIC RELATIONSHIPS: INVOLVEMENT OF A 
NOVEL TYPE IIA CRUSTIN IN THE LIFE CYCLE OF A DEEP SEA VENT SHRIMP 

 

Fig 88. Immunolabelling on paraffin sections with a thickness of 7µm of Re-crustin on juveniles. A.  
Image of juvenile fixed in 4% paraformaldehyde to illustrate the detailed section shown on the right. 
The anti-crustin antibody specifically labels in green the cuticle B., gills and nerve cord C. in juveniles. 
No labelling is visible in the control panels. Nucleic acids are labelled in blue (DAPI). The observations 
were made using the fluorescence microscope, Zeiss Axio Imager 2.  Scale bars correspond to 20 µm. 
Abbreviations used: C, cuticle; E, Epidermis; G, Gills; Nc, nerve cord. 
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A. ANTIMICROBIAL PEPTIDES AND ECTOSYMBIOTIC RELATIONSHIPS: INVOLVEMENT OF A 
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Fig 89. Immunolabelling on paraffin sections with a thickness of 7µm of Re-crustin in adult shrimps 
before and after molting. Two images present an adult shrimp at the end of the molting cycle (Pre-
ecdysis) and after molting (Post-ecdysis). (A2- a) The anti-crustin antibody specifically labels in green 
the tissue that lines the inside of the cephalothoracic cavity and covers the surface of some attached 
bacteria at the Pre-ecdysis. (B2- a)  Some bacteria attached to the scaphognathites are labelled at Pre-
ecdysis only. An immune staining of the Re-crustin is observed in the Nerve cord (C2- C4) and in the 
gills (D2- D4) of adults at both the Pre- and Post-ecdysis stages. Nucleic acids are labelled in blue (DAPI). 
(A5- B5-C5 and D5) No labelling appears with the pre-immune control. The white field is shown in A1, 
A3, B1, B3, C1, C3 and D1, D3 to see the structures. The observations were made using the fluorescence 
microscope, Zeiss Axio Imager 2. The 20µm scale bars are placed on the white fields and on the pre-
immune controls. Abbreviations used : Br, branchiostegites ; C, cuticle; Bs, Bacterial symbionts; G, 
gills; Mi, mineral deposits; Sc, scaphognathite; Nc, nerve cord. 
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November 2019  JAMSTEC Young Researcher Fellow Program 2020 (Job interview) 

20 min oral presentation Yokohama, Kanagawa Prefecture, Japan 

Beyond the Rimicaris exoculata symbioses 

Abstract:   

At the limit of tectonic plates, the deep ocean is punctuated by dense and ephemeral oases of 

life: the hydrothermal vent ecosystems. Unlike other marine ecosystems, they are mainly sustained by 

chemosynthetic primary production carried out by microorganisms, using the chemical energy from the 

expelled vent fluids. Many of these microorganisms are involved in symbiotic associations with many 

different vent faunal taxa. Chemosymbiotic animals tend to dominate visually the vent communities, 

forming dense aggregations around the vent chimneys. Along the Mid Atlantic Ridge, the alvinocaridid 

shrimp Rimicaris exoculata is one of the most abundant species in these ecosystems. One of the 

particularity of this species is its modified “head” with a strongly enlarged cephalothoracic cavity. In this 
cavity, the shrimp hosts large communities of chemosynthetic symbionts that provide most of its 

nutrition. This shrimp also possesses a second symbiotic community, with different symbionts, never 

retrieved in the environment, which roles are still under investigation. Less abundant, another shrimp 

from the same family, R. chacei is co-occurring with R. exoculata. Unlike R. exoculata, this shrimp does 

not exhibit a strongly enlarged cephalothorax but still hosts a similar symbiosis in its cephalothoracic 

cavity, although the symbionts only provide a part of its diet. R. chacei also relies on other food sources, 

as evidenced by its much larger stomach than R. exoculata. Studying these two shrimps is particularly 

interesting, especially when also considering a third species, R. hybisae from the Mid Cayman Rise that 

exhibits a similar morphology than R. exoculata with an inflated “head” but is genetically similar to R. 

chacei despite their apparent morphological differences. This suggest that the development of 

symbiosis and its related modifications result from anatomical convergence between R. hybisae and R. 

exoculata. This project aim to explore the evolutionary link between the symbioses in alvinocaridid 

shrimps by providing a more comprehensive view of their trophic strategies and their symbiotic 

relationship in shrimp from different regions of the globe. A focus will be made not only on R. hybisae 

from the Mid Cayman Rise but also on the different species from the Okinawa trough. Morphological 

convergence will be explored also on the internal anatomy, mainly to identify differences in the 

digestive system, but also how these differences may reflect the evolution of nutritional strategies. In 

addition, trophic strategies between the different co-occurring species of Okinawa trough will be 

explored to characterize species fueled by chemosynthetic symbionts. In parallel, their environmental 

niches will be investigated to decipher which conditions could favor the emergence of symbiotic 

relationships.  Finally, all the data acquired during this project will be compared with those acquired on 

alvinocaridids from the Atlantic during previous studies and synthetized to propose a more global 

portrait of the trophic strategies and the symbiotic relationships of these holobionts. 
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June 2019   JAMSTEC Research Discussion Seminar (invited by Dr. Chong Chen) 

30 min oral presentation Yokosuka, Kanagawa Prefecture, Japan 

Lifecycle ecology of the hydrothermal vent shrimps Rimicaris exoculata & 

Rimicaris chacei 

 

Abstract:  

Presented by Pierre Methou1, 2 

1: Univ Brest, CNRS, Ifremer, Laboratoire de Microbiologie des Environnements Extrêmes, Plouzané, 

France 

2: Ifremer, Laboratoire Environnement Profond (REM/EEP/LEP), Plouzané, France 

 

Discovered only forty years ago, hydrothermal vents are probably some of the most surprising 

ecosystems of our planet. Displaying extremely harsh conditions with temperatures rising up to 400°C 

and high concentrations in reduced and toxic compounds, these environments are nonetheless 

teeming with life with dense macrofaunal communities surrounding the vent fluid emissions. Among 

them, the alvinocaridid shrimp Rimicaris exoculata is certainly one of the most well-known and 

emblematic species from the vent endemic fauna from the Mid Atlantic Ridge. As with many other 

species from those ecosystems, these shrimps house important communities of chemosynthetic 

bacteria living in symbiosis with their host inside the cephalothoracic cavity and the gut providing 

some-to-all of the shrimp nutrition. Less studied, Rimicaris chacei, a co-occurring species from the 

same vent sites but with smaller populations, is also an interesting case among the alvinocaridids, with 

a mixotrophic diet, halfway through symbiosis.  

Hydrothermal vents are however fragile and ephemeral, prone to great geological instability, 

that may result cessation of the vent fluids activity. In addition, they are also fragmented, separated 

by tens to thousands of kms by poor and unsuitable environments for chemosynthesis, and thus 

Rimicaris symbiosis. Therefore, species survival over successive generations is greatly interlinked with 

their ability to successfully colonize and settle in new vent fields, implying adaptations at each level of 

their lifecycle. Unfortunately, and as for the rest of the vent fauna, many aspects of the alvinocaridid 

lifecycle remain by today poorly documented such as early development, larval dispersal and 

settlement or onset of symbiotic relationship. Likewise, almost no brooding female of Rimicaris 

exoculata could have been collected until recently, leaving important gaps on fundamental aspects of 

its reproductive biology. 

The presentation will briefly expose current advances on the lifecycle ecology of the two 

species with a focus on their reproductive biology. Similarities with species from the Central Indian 

Ridge will also be addressed to discuss about their importance to provide a more global overview on 

the lifecycle ecology of the group.  

 

 

 



 

  

 301 

 

LIST OF CONGRESS, POSTER AND COMMUNICATION OF THIS THESIS 

December 2018            Forum Careers at Sea (presentation of what is an early scientific career) 

15 min oral presentation          Oceanographic Institute of Paris, Paris, France  

1h hour of presentation with four speakers, one technician from the DYNECO laboratory at Ifremer 

and two others from the human resource department. Followed by 30min of exchange with the public. 

 

 

November 2018  3rd French Congress on Chemosynthetic Ecosystem (CONNECT) 

30 min oral presentation Roscoff, Bretagne, France 

Qui de l’œuf ou de la crevette ? – Evolution et spécificité des communautés bactériennes 

associées aux pontes de Rimicaris exoculata au cours du développement embryonnaire  

Abstract : 

Rimicaris exoculata est l’une des espèces les plus emblématiques et les plus connues de la faune 
endémique des sources hydrothermales. Comme beaucoup d’autres d’espèces de ces écosystèmes, 
les crevettes Rimicaris hébergent d’importantes communautés de bactéries chimiosynthétiques vivant 
en symbiose avec leur hôte. Celles-ci sont principalement localisées à l’intérieur du céphalothorax 

hypertrophié de l’animal mais aussi à l’intérieur de leur système digestif. Pour la plupart de ces 
partenaires symbiotiques, le mode de transmission intergénérationnel n’est toujours pas résolu et le 
point de démarrage de cette relation symbiotique n’est toujours pas clairement défini au cours du 
cycle de vie de l’hôte.   

Dans cette étude, un grand nombre de femelles gravides de Rimicaris exoculata récolté durant 

la période de reproduction de l’animal, nous a permis d’explorer la diversité microbienne associée aux 

pontes. Combinant des techniques de microscopie et de séquençage haut débit, la présence, 

l’abondance relative et la diversité de ces communautés microbiennes colonisant les pontes d’œufs 
de Rimicaris exoculata ont été décrites à différent stades de développement et pour deux sites 

hydrothermaux.  

Nos résultats révèlent, entre autres, des variations importantes de la couverture microbienne 

entre les pontes au cours du développement embryonnaire, mais aussi selon la répartition des œufs 
d’une même ponte, ceux-ci étant tous synchronisés à un même stade de développement. De plus, la 

comparaison de la diversité bactérienne associée aux œufs avec celle associée aux pléopodes, un tissu 
à priori non symbiotique et exposé à des conditions environnementales identiques, permet de mettre 

en évidence l’existence d’une communauté microbienne spécifique aux pontes de Rimicaris exoculata. 

Ces résultats fournissent ainsi une base pour discuter à la fois de l’acquisition potentielle des 

symbiontes à ce stade de développement ainsi que des potentiels rôles que pourraient avoir ces 

communautés bactériennes associées aux œufs pour leur hôte.  

 

 

 

 

September 2018  15th Deep Sea Biology Symposium 



 

  

 302 

 

LIST OF CONGRESS, POSTER AND COMMUNICATION OF THIS THESIS 

15 min oral presentation Monterrey, California, USA 

Is it the Egg first or the Shrimp? – Diversity and evolution of the microbial communities 

colonizing broods of the vent shrimp Rimicaris exoculata throughout embryonic development 

Abstract: 

Rimicaris exoculata is one of the most well-known and emblematic species from the vent 

endemic fauna. As with many others species from those ecosystems, Rimicaris shrimps house 

important communities of chemosynthetic bacteria living in symbiosis with their host inside the 

branchial cavity and the gut. For many of the symbiotic partners, transmission mode has still to be 

elucidated and the beginning of the symbiotic relationship is not clearly defined yet within the lifecycle 

of the animal. In this study, sampling of a large number of Rimicaris exoculata broods during the 

shrimp’s reproductive period, has allowed us to explore the microbial diversity throughout embryonic 
development. Combining sequencing and microscopy techniques, the presence, relative abundance 

and diversity of microbial communities colonizing broods have been described in two hydrothermal 

vent sites for different egg stages. Our results highlight, among others, important variations in 

microbial communities’ abundance between broods occurring throughout embryonic development 
but also between eggs from within a single brood, being all at the same developmental stage. 

Comparisons were also made between the diversity of egg communities and those found on the 

pleopod of the same brooding female, a non-symbiotic tissue subject to similar environmental 

conditions. This provides a basis to discuss both the acquisition of symbionts during this life stage and 

the potential roles of these bacterial communities within their host. 
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Titre :  Cycles de vie de deux crevettes hydrothermales de la dorsale médio-atlantique : Rimicaris 

exoculata et Rimicaris chacei 

Mots clés:  Sources hydrothermales, crevettes Rimicaris, Symbioses, traits d’histoire de vie, colonisation, 
chimiosynthèse 

Résumé: Les écosystèmes hydrothermaux profonds 
sont des oasis de vie denses où la production primaire 
est dépendante de la chimiosynthèse réalisée par des 
microorganismes, dont certains forment des 
symbioses avec les taxons hydrothermaux dominants. 
Dans cet habitat éphémère et fragmenté, ces 
organismes endémiques font face à un double défi : 
disperser à travers un environnement très différent du 
biotope hydrothermal, et maintenir l’association 
symbiotique essentielle à la colonisation de ce milieu.  
Les crevettes du genre Rimicaris dominent les 
communautés des sites hydrothermaux profonds de la 
ride médio-Atlantique. Ici, l’étude de deux espèces, R. 

exoculata et R. chacei, vivant en sympatrie, nous 
permet d’aborder des questionnements liés à leur 
cycle de vie et au développement de leur relation 
symbiotique, pour comprendre ce qui peut expliquer 
leur différence apparente de succès de colonisation.  
Aux stades de vie embryonnaire, l’étude de la 
prolifération bactérienne chez R. exoculata suggère  

une possible transmission précoce de certaines 
lignées symbiotiques. Après avoir réévalué la 
taxonomie des stades juvéniles des deux espèces de 
Rimicaris, différents aspects de leur structure 
démographique, de leur reproduction et de leur 
transition trophique au cours du développement 
juvénile vers une nutrition impliquant la 
chimiosynthèse bactérienne ont été étudiés. Les 
résultats mettent en évidence des différences aussi 
bien du point de vue de la vie larvaire que des 
processus post-recrutement. Les avancées ainsi 
réalisées suggèrent de nouvelles voies de recherche 
pour lever les verrous persistant dans la 
compréhension du cycle de vie de ces espèces, et 
soulignent l’importance de replacer nos 
connaissances dans la perspective de l’histoire de 
colonisation des systèmes hydrothermaux en 
étendant les approches développées ici à des 
espèces apparentées vivant dans d’autres régions du 
globe. 
 
 

 

Title :  Lifecycles of two hydrothermal vent shrimps from the Mid-Atlantic Ridge: Rimicaris exoculata 
and Rimicaris chacei 

Keywords :  Hydrothermal vent, Rimicaris shrimps, Symbioses, Life-history traits, colonization, chemosynthesis 

Abstract:  Deep hydrothermal vent ecosystems are 
dense oases of life, which are mainly sustained by 
chemosynthetic primary production carried out by 
microorganisms, some of which are involved in 
symbioses with key dominant vent taxa. In this 
ephemeral and patchy habitat, endemic vent species 
face a double challenge: a dispersal phase through 
environments radically different from their vent 
biotope, and the transmission of symbionts that are 
essential to colonize vent systems. Rimicaris shrimps 
dominate communities of deep vent fields of the Mid 
Atlantic Ridge. Here, the study of two species, R. 
exoculata and R. chacei, living in sympatry, allows us 
to address issues related to their life cycle and the 
development of their symbiotic relationships, to 
understand what may explain the apparent difference 
in their colonization success. In embryonic life stages, 
the study of bacterial proliferation in R. exoculata 
suggests a possible early transmission of certain 
symbiotic lines.   

After reassessing juvenile stages taxonomy of both 
species of Rimicaris, different aspects of their 
demographic structure, reproduction and trophic 
transition during juvenile development towards a 
nutrition involving bacterial chemosynthesis were 
analyzed through a variety of approaches. The 
results highlight differences in both larval life and 
post-recruitment processes. The advances achieved 
here also open new research avenues to bridge 
remaining gaps still preventing a comprehensive 
understanding of their life cycle, while emphasizing 
the importance of placing this knowledge in the 
perspective of the colonization history of deep-sea 
vents by extending our approach to related species 
origination from other parts of the world. 
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