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 15 

ABSTRACT 16 

Accessing the metabolic functioning of deep-sea animals in situ remains a technological 17 

challenge as the recovery time of samples is incompatible with the short lifespan of such 18 

molecules as mRNAs. Tools able to preserve RNA in situ exist but they are incompatible with the 19 

study of mobile fauna. Here we describe a new sampling tool, named FISH (Fixer In situ of 20 

Homogenized Substrates), implemented on a submersible and equipped with a number of new 21 
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specific features to collect and preserve in situ tissue of mobile fauna. Connected to the suction 22 

pump of a submersible, FISH incorporates a sampling bowl to which two bottles of a preservative 23 

reagent are attached, a suction hose, and a support containing a motor connected to the sampling 24 

bowl by a magnetic coupling system. We used the deep-sea hydrothermal shrimp Rimicaris 25 

exoculata from the Mid-Atlantic Ridge as a model to test the suitability of our new tool. FISH 26 

was compared to two other sampling methods, which use a metatranscriptomic approach 27 

targeting microbial communities associated with cephalothorax symbionts. RNA quality, gene 28 

assignment and taxonomic and gene function diversity showed differences between in situ and 29 

on-board preservation of tissues. Of the alternative sampling methods tested, the suction sampler 30 

was clearly not suitable for RNA-based studies, while pressurized recovery showed results closer 31 

to the sample quality obtained with FISH sampling. The FISH sampler has therefore 32 

demonstrated to be a cost-effective and reliable tool to efficiently preserve RNA recovered from 33 

deep-sea environments. 34 

INTRODUCTION 35 

The majority of visited hydrothermal fields are located at depths between 500 m, such as Solwara 36 

17 in the back-arc Manus Basin (Massoth et al. 2008), and 4957 m for the Beebe site on the Mid-37 

Cayman Rise (Connelly et al. 2012). These environments are characterized by steep 38 

physicochemical gradients controlled by strong spatial and temporal dynamics, creating multiple 39 

microhabitats. These ecosystems are sustained by chemolithoautotrophic microbial communities 40 

that can teem in abundant and highly diversified meiofauna and macrofauna communities. 41 

Accordingly, most endemic fauna (mussels, gastropods and shrimp), harbor symbiotic microbial 42 

communities implied in host nutrition called holobionts (Zilber-Rosenberg and Rosenberg 2008; 43 

Dubilier et al. 2008). To decipher the in situ metabolic functioning of hydrothermal communities, 44 
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identifying active metabolic pathways and cellular regulation processes are essential, requiring 45 

proteomic or transcriptomic approaches. 46 

One of the main limitations of these remote ecosystems lies in the time between sampling at 47 

depth and the recovery of samples on-board the oceanographic ship. Samples can stand for 48 

several hours outside the hydrothermal influence after sampling, inducing changes in physical 49 

and chemical conditions (e.g. temperature, dioxygen, hydrogen and hydrogen sulfide 50 

concentration), and a decrease in pressure during ascent. All these modifications lead to 51 

metabolic responses, mRNA rearrangements and degradation, and even cell death of both 52 

microbial and animal (host) populations, thereby impairing an accurate understanding of in situ 53 

biological processes.  54 

RNA started being used as a proxy for marine microbial metabolic activity in the early 1990s 55 

(Kerkhof and Ward 1993; Kemp et al. 1993; Kramer and Singleton 1993; Lee and Kemp 1994; 56 

Kerkhof and Kemp 1999) but were limited by the sequencing technology available at the time. 57 

Transcriptomics and metatranscriptomics are now widely-used in marine ecology, allowing to 58 

better understand the regulation of cellular processes, metabolic pathways and active mechanisms 59 

in response to a given environment at a given time (Jiang et al. 2016; Bashiardes et al. 2016; 60 

Lavelle and Sokol 2018; Shakya et al. 2019; Mat et al. 2020; Page and Lawley 2022). It is also 61 

interesting to use microscopy to study the spatial distribution of expressed metabolic genes within 62 

a community, and to link the actors to a taxonomic identification using fluorescent in situ 63 

hybridization (Pernthaler and Amann 2004; Pilhofer et al. 2009; Hongo et al. 2016; Takishita et 64 

al. 2017; Miyazaki et al. 2020). However, the rapid reorganization and decay of messenger RNA 65 

often impair adequate conclusions on in situ expression levels.  66 

The half-lives of mRNAs are indeed relatively short (Rauhut and Klug 1999). Several studies 67 

have demonstrated times varying from 1 to 15 min in bacteria, with averages of around 2 to 5 min 68 
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depending on the bacterial lineage. They can however extend to 20 min during the stationary 69 

phase of growth (O’Hara et al. 1995; Bernstein et al. 2002; Hambraeus et al. 2003; Redon et al. 70 

2005; Perwez and Kushner 2006; Steglich et al. 2010; Evguenieva-Hackenberg and Klug 2011; 71 

Mohanty and Kushner 2016). In archaea, different studies have described longer mRNA half-72 

lives varying from 2 to 80 min such as in Haloferax mediterranei (Hennigan and Reeve 1994; 73 

Bini et al. 2002; Jäger et al. 2002; Andersson et al. 2006; Clouet-d’Orval et al. 2018). A study 74 

was also carried out at the level of marine microbial communities, where about 80% of the 75 

transcripts analyzed were reported to have a half-life between 10 min and 400 min (Steiner et al. 76 

2019). The half-life of mRNA therefore varies according to genes, depending on their location on 77 

the chromosome, their function and accessibility to ribonucleases (Mohanty and Kushner 2016). 78 

They also depend on the growth phase and on some stress conditions (Takayama and Kjelleberg 79 

2000). The half-lives of mRNA in Bacteria and Archaea remain on average much shorter than in 80 

Eukaryotes where they can be preserved for more than 24 hours (Tourrière et al. 2002; Edri and 81 

Tuller 2014). Furthermore, marine bacterial cells may contain significantly fewer mRNA 82 

molecules, with about 200 molecules of mRNA in a typical marine bacterial cell in coastal 83 

seawater vs 1800 mRNA molecules in Escherichia coli cultures (Moran et al. 2013). 84 

Approaches to identify and quantify in situ deep-sea microbial gene expression remain under 85 

scrutiny. Potential biases due to short mRNA lifespan have been suggested in some publications 86 

dealing with hydrothermal fluid communities (Wu et al. 2011, 2013; Lesniewski et al. 2012; 87 

Baker et al. 2013; Li et al. 2016). In contrast, other studies have analyzed microbial communities 88 

metatranscriptomes from hydrothermal chimneys (He et al. 2015), or from hydrothermal animals 89 

such as gastropods (Lan et al. 2021), vesicomyids (Hongo et al. 2016), hydrothermal shrimps 90 

(Zhu et al. 2020), and sponges in cold seeps (Rubin-Blum et al. 2017, 2019) without addressing 91 

this question. 92 
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However, as pointed out by Stewart in his review (Stewart 2013), it is critical to ensure that the 93 

maximum amount of information from the mRNA is obtained without bias, and should therefore 94 

be addressed using new sampling instrumentation (McQuillan and Robidart 2017). For water 95 

column or hydrothermal fluid sampling, six different tools have been developed (Feike et al. 96 

2012; Wurzbacher et al. 2012; Akerman et al. 2013; Breier et al. 2014; Taylor et al. 2015; 97 

Govindarajan et al. 2015; Edgcomb et al. 2016; Fortunato and Huber 2016; Fortunato et al. 2018; 98 

Cron et al. 2020). For in situ fixation, the most commonly used fixative was RNAlater® (Ambion 99 

Inc., Austin, TX), a commercial ammonium sulfate concentrated solution, denser than seawater, 100 

which stabilizes cellular RNA by precipitating out RNases, without the need to freeze samples 101 

(Mutter et al. 2004; Salehi and Najafi 2014; Menke et al. 2017).  102 

To preserve the RNA of macrofauna in situ, few systems have been developed to date. Some 103 

studies on Bathymodiolus mussels mention boxes filled with ammonium sulfate-saturated fixative 104 

(a type of homemade RNAlater®) (Takishita et al. 2017; Mat et al. 2020). The mussels are simply 105 

dropped inside the open box, the fixative remains in the box due to its higher density and then the 106 

box is closed before ascent. Two systems have been designed to fix in situ slow-moving animals 107 

such as galathea Shinkai crossnieri, gastropods Alviniconcha or scally foot snail Chrysomallon 108 

squamiferum. The “In situ Mussel and Snail Homogenizer” ISMACH (Sanders et al. 2013) 109 

consists of a box inside which the animals are placed. It allows seawater to be replaced by 110 

RNAlater®, before subsequent homogenization. The second system, unnamed, is a suction 111 

sampler connected to a plastic bag filled with sulfate salt solution via a hose with a cock valve 112 

(Watsuji et al. 2014; Motoki et al. 2020; Sun et al. 2020; Miyazaki et al. 2020). The transfer of 113 

the fixative is achieved by diffusion and lasts about 9 minutes. 114 

Here we present the development of a new in situ collection tool named FISH (Fixer In situ of 115 

Homogenized Substrates) implemented on any submersible allowing to: (i) capture mobile fauna, 116 
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(ii) instantly preserve tissues using RNA stabilization reagent such as RNAlater® or 117 

formaldehyde, (iii) homogenize the sample to facilitate tissue impregnation. The biological model 118 

used in this methodological study, Rimicaris exoculata, a deep-sea hydrothermal shrimp, harbors 119 

complex nutritive microbial symbiotic communities, one located in its inflated cephalothoracic 120 

cavity (for review (Zbinden and Cambon Bonavita 2020). The aim of this study is to assess the 121 

efficiency of FISH to preserve in situ RNA in tissues associated with microbial symbiotic 122 

communities. Hence, comparative analyses of the metatranscriptomics of microbial symbiotic 123 

communities were performed from samples of R. exoculata collected using FISH and two other 124 

methods: the submersible suction sampler exposing samples to decompression, and the 125 

PERISCOP© pressurized recovery device (PRD), (Shillito et al. 2008, 2023).  126 

 127 

MATERIALS AND PROCEDURES 128 

Sampling site 129 

Twenty-four in situ deployments of the FISH sampler were carried out at different depths on the 130 

Mid-Atlantic Ridge, in the Western Basin of the Mediterranean Sea and in the back-arc basins of 131 

the West-Pacific. These deployments took place during trial technical expeditions operated with 132 

the Human-Occupied Vehicle (HOV) Nautile (ESSNAUT2017 133 

https://doi.org/10.17600/17009100, ESSNAUT2021 https://doi.org/10.17600/18002379, 134 

ESSNAUT2022 https://doi.org/10.17600/18002759), the Remotely-Operated underwater Vehicle 135 

(ROV) Victor 6000 (ESSROV2019) and during the oceanographic expeditions HERMINE in 136 

2017 https://doi.org/10.17600/17000200, BICOSE2 in 2018 https://doi.org/10.17600/18000004, 137 

and CHUBACARC in 2019 https://doi.org/10.17600/18001111). The Rimicaris exoculata shrimp 138 

samples used in this study were collected from the Snake Pit hydrothermal field (23°23'N, 139 
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44°58'W, -3480 m depth) on the Mid-Atlantic Ridge, on two active sites, “The Beehive” and 140 

“The Moose” (Fouquet et al. 1993), during the BICOSE2 expedition (February 2018). 141 

Different sampling tools 142 

Samples of R. exoculata were collected using three different deep-sea sampling tools, including 143 

FISH. (i) Samples collected using the submersible’s suction sampler at the end of the dive 144 

(Figure S1-a suppl. data) were exposed to a change in environmental factors (e.g. pressure, 145 

temperature, chemistry) during the two-hour ascent of the submersible. (ii) Samples were also 146 

collected using Periscopette, a sampling cell inserted into the PERISCOP, which maintains in situ 147 

pressure during recovery (Figure S1-b suppl. data) (Shillito et al. 2008, 2023). PERISCOP, fixed 148 

on an independent shuttle device, was released immediately after in situ closure. PERISCOP’s 149 

syntactic foam casing minimizes temperature variation, which may occur when the samplers 150 

reach warm surface waters (possibly up to 28°C water temperature at the sea surface). 151 

FISH instrument design 152 

The sampler FISH consists of several components (Fig. 1a). A 1.7 L (internal volume) removable 153 

PVC sampling bowl (in yellow) is connected on one side to a suction pump via the submersible 154 

suction system, and on the other side to a transparent flexible sampling tube via a PVC base. This 155 

bowl is equipped with blender blades (4) (Moulinex P/N SS98994) connected to a magnetic plate, 156 

and a spring-loaded, watertight rotating lid with a rotating handle. The AISI 316L austenitic 157 

stainless steel springs, with 45 coils, are 80 mm long at their initial resting position, and stretch to 158 

180 mm with a spring force of 0.348 N/mm. Two 850-mL stainless-steel 316L bottles (in green) 159 

equipped with a piston were attached to each side of the sampling bowl, to which they were 160 

connected by flexible tubes. These bottles contain the preservative reagent (e.g. RNAlater®). The 161 

sampling bowl is then inserted into a PVC base (Fig. 1b), fixed in the basket of the submersible 162 
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(Fig. 3a – 3h). A hydraulic motor (10) (HPI P/N M3 CBN 1004 CL 20C01 N, capacity = 4.09 163 

cc/rev, maximum pressure = 20 MPa, maximum speed = 5000 RPM) powers the rotation of the 164 

blade, and is controlled by the submersible hydraulic power unit (maximum speed = 2000 RPM 165 

for HOV Nautile and 2200 RPM for ROV Victor6000). The motor is connected to a magnetic 166 

plate (8) allowing the coupling with the blender blades (4) inside the sampling bowl with a 167 

coupling force of 1.25 N.m.. The base also allows the junction of the sampling bowl with the 168 

sampling tube at the inlet and the suction sampler at the outlet (9). To avoid impeding the use of 169 

the submersible’s suction device during the entire dive, a by-pass has been designed to supplant 170 

FISH (Fig. 3h). 171 

 172 

Figure 1: 3D visualization of the FISH sampler with (a) complete sampler system including, 173 
in yellow, the sampling bowl and in green the fixative bottles, 1: handle, 2: hooks for lid 174 
springs, 3: watertight cover incorporating a metal grid, 4: mixer blades, 5: piston, 6: spring, 175 
7: filling plug, 8: magnetic coupling system ; (b) base with magnetic coupling system, 9: end 176 

cap for vacuum hose connection, 10: hydraulic motor (c) FISH sampler on its base. 177 

Sampling system - general principle and operating mode 178 

Before the dive, the support was fixed with brackets (Fig. 2a) onto the submersible’s front basket. 179 

Hydraulic cables were connected between the FISH engine and the submersible's hydraulic 180 

system ((Figure S2 suppl. data). A derivation upstream of the sampling bowls of the suction 181 
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sampler was performed to use the submersible’s suction sampler pump. The suction sampler 182 

hose, without its nozzle, was connected onto the back of the support. A transparent flexible hose 183 

with a straight metal tip for sampling was placed on the front of the support (Fig. 2b). 184 

FISH boxes were prepared on board the ship in the laboratory. A pin locked the lid in the open 185 

position (Fig. 2d, 1) to allow sampling. Then, the fixative bottles were armed, locking the piston 186 

in the bottom of the bottle, thanks to the side pins (Fig. 2d, 3). RNA tissue preservation reagent 187 

(such as commercial RNAlater® (Sigma-Aldrich) or homemade buffer 0.019M EDTA, 0.018M 188 

sodium citrate, 3.8M ammonium sulphate, pH 5.2, according to Menke (Menke et al. 2017) or 189 

formaldehyde 3%) was then transferred into each bottle through the filling plug (Fig. 2d, 4) by 190 

means of a small funnel. Then, one of the systems was placed in its support in the front basket of 191 

the submersible while the other was placed next to it, or inside the shuttle device, ready to use. 192 

On the seafloor, next to the sampling site, the submersible’s arm first deployed the flexible 193 

suction hose to collect mobile fauna (Fig. 2c). The clear flexible pipe made it possible to count 194 

the shrimps during the suction phase in order to obtain between 15 and 20 specimens inside the 195 

sampler bowl (Fig. 3a). A metal grid fixed inside the lid upstream of the outlet pipe confined the 196 

specimens inside the bowl (Fig. 3a).  197 

Then the submersible’s arm released the locking pin of the lid (Fig. 2d, 1) by pulling on a float 198 

(Fig. 2d, 2) following a vertical movement. Two springs, fixed in the lid, closed it by rotation. 199 

The lid rotation led to the simultaneous removal of the locking pins of the two fixative bottles 200 

(Fig. 2d and 2e, 3), in order to release the spring-loaded piston of the fixative bottles. This piston 201 

then moved upwards, pushing the preservative reagent, which was denser than seawater, from the 202 

top of the bottles to the bottom of the sampling bowl (Fig. 3b). The preservative reagent replaced 203 

the seawater in the sampling bowl in a few seconds, while the seawater was transferred to the 204 
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bottom of the fixative bottles (Fig. 3b). Upon contact with the preservative reagent, we observed 205 

that the fauna died instantly. 206 

Homogenization followed through rotation of the blade (Fig. 2f, 3c). For this, a driving magnetic 207 

plate, linked to the rotating shaft of the hydraulic motor was activated, enabling the rotation of 208 

the blender blades of the magnetic-driven plate inside the bowl (Fig 3c). The blender blade 209 

rotated at 100 rpm for about 20 seconds facilitating homogenization and complete impregnation 210 

of the preservative reagent. It was important not to rotate for too long to avoid tissue damage, 211 

which would impair later dissections. The system could be removed from its support to be placed 212 

in the independent shuttle vector, between the seafloor and the sea surface, to optimize recovery 213 

time on board the research vessel. Another FISH sampler could replace the previous one on the 214 

support, to provide additional sampling during the same dive (Fig. 2g). At the end of sampling 215 

with FISH, the suction sampler was put back into operation thanks to the use of a by-pass, 216 

without loss of suction power (Fig. 2h). A video showing the complete sampling sequence is 217 

available as supplementary data. 218 
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Figure 2: The FISH sampling process. (a) FISH base and system inside submersible’s 220 

basket. (b) Suction hose connected to upstream FISH sampler. (c) Shrimp suction through 221 
the hose upstream of the sampler FISH. (d) Open position of the sampler with armed 222 
fixative bottles: unlocking of the cover by removing the locking pin (1) in a vertical position 223 
using the float (2). 1: lid locking pin, 2: float, 3: bottle locking pin, 4: filling plug, 5: grip 224 
handle also allows to close the lid (e) Closed position of the sampler with fixative bottles 225 

engaged. Spring-loaded closure causes the locking pins (3) of the fixative bottles to be 226 
withdrawn simultaneously. Removal of the pistons in the bottles, pushing the fixative into 227 
the sampling tank. (f) Mixing part of the sampling system. The submersible's hydraulic 228 
power unit is started to drive the mixing blade thanks to a magnetic coupling downstream 229 
of the motor. (g) Removal of the sampling system from the holder to be replaced by another 230 

FISH system, (h) View on the by-pass in place for the use of the suction sampler. 231 

 232 

Figure 3: Schematic representation of the fluid flows in FISH during sampling. (a) Side 233 

view of FISH: suction of shrimps inside the sampling bowl which are blocked at the outlet 234 
by a grid. (b) Front view of FISH the inflow of the fixative solution (in yellow) initially 235 
contained in the bottle of fixative inside the sampling bowl which replaces the sea water (in 236 

blue) itself sucked back inside the bottles of fixative. (c) Rotation of the blender blades of 237 
the magnetic driven plate. 238 

 239 

Sample processing 240 

On board, shrimps were recovered from the FISH sampling bowl and transferred to a fresh 241 

RNAlater® solution (Sigma-Aldrich). The different organs, such as branchiostegites, 242 

scaphognathites and exopodites for the cephalothoracic cavity, were then dissected (Figure S3 243 

suppl. Data) (Cambon-Bonavita et al. 2021), under sterile conditions in Petri dishes filled with 244 

RNAlater®. The different tissues were transferred to 1.8 ml cryotubes with RNAlater® and stored 245 

for 24h at 4°C. For long-term preservation, tubes were then transferred at -80°C. For immediate 246 
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on-board RNA extraction procedures, RNAlater® was replaced with a TRIzolTM reagent 247 

(Invitrogen). 248 

Shrimps recovered from the conventional suction sampler and from PERISCOP were processed 249 

on board in the same way as the FISH samples, i.e. transferred to fresh RNAlater® (Sigma-250 

Aldrich) before further dissection. Tissues for the metagenomics studies were also dissected in 251 

fresh RNAlater® (Sigma-Aldrich) from shrimps collected using the suction sampler on “The 252 

Beehive” site of the Snake Pit hydrothermal field. After being flash-frozen with liquid nitrogen, 253 

all tubes were stored at -80°C. 254 

RNA extraction and sequencing 255 

For each shrimp sampled, half of the branchiostegites, scaphognathites and exopodites of 256 

cephalothoracic cavity were pooled (Cambon-Bonavita et al. 2021), providing two replicate 257 

subsamples per shrimp. For all sampling methods, each cephalothorax sample was grounded with 258 

Nucleospin beads (Macherey-Nagel), in 1 mL TRIzolTM reagent (Invitrogen) on a Vortex Genie2 259 

for 10 min at maximum speed. Total RNAs were then extracted with the TRIzolTM method as 260 

recommended by the manufacturer with two chloroform purifications. RNA extracts were treated 261 

by DNA-free kit DNase Treatment and Removal Reagents (Invitrogen) according to the 262 

manufacturer's recommendations. Concentrations of extracted RNA were measured using a 263 

QubitTM 3.0 Fluorometer (ThermoFisher Scientific) with QubitTM RNA HS Assay Kit and the 264 

Bioanalyser (Agilent) with RNA 6000 Nano Kit (Agilent) to evaluate the quality of RNA through 265 

the RNA integrity number (RIN) (Schroeder et al. 2006). However, as the RIN values were 266 

defined using standards for prokaryotic RNA, results could have been biased as they were 267 

obtained from a mixture of prokaryotic (symbionts) and eukaryotic (host) RNAs. Since the RIN 268 
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algorithm was unable to differentiate eukaryotic/prokaryotic/chloroplastic ribosomal RNA, this 269 

may have created serious quality index underestimation.  270 

Ribodepletion and Illumina libraries were prepared with Illumina® Stranded Total RNA Prep, 271 

Ligation with Ribo-Zero Plus at GeT-Biopuces platform (INSA, Toulouse, France) according to 272 

Illumina recommendations. Briefly, the use of this kit was carried out in several stages: first the 273 

depletion of bacterial and eukaryotic ribosomal RNA, then the fragmentation and denaturation of 274 

RNA. Then there was the synthesis of the first strand of cDNA followed by the synthesis of the 275 

second strand of cDNA, the adenylation of the 3’ end fragments to allow for ligation of the 276 

Illumina adapters to the fragments, followed by the cleaning of the adapter-ligated fragments, the 277 

amplification of libraries and finally the cleaning of libraries. The concentration and quality of 278 

the final libraries were then checked. The metatranscriptomic sequencing on an Illumina Novaseq 279 

6000 instrument (2 x 150 bases paired-end) was performed at the GeT-PlaGe platform (INRA, 280 

Toulouse, France).  281 

DNA extraction and sequencing 282 

Metatranscriptomic analysis required sequencing the metagenome of specimens from the same 283 

sites (i.e. Snake Pit – “The Beehive”), to reduce biases that would have been induced by using 284 

metagenomes available in the databases (Cambon-Bonavita et al. 2021). Total DNA of the 285 

cephalothorax (branchiostegite, scaphognathite and exopodite) was extracted from four Rimicaris 286 

exoculata individuals: two males and two females. The Nucleospin soil kit (Macherey-Nagel) 287 

was used according to the manufacturer's recommendations. Nanodrop 2000 (ThermoFisher) was 288 

used to evaluate DNA quality while the QubitTM 3.0 Fluorometer (ThermoFisher Scientific) with 289 

QubitTM DNA HS Assay Kit was used to validate the DNA quantity. Metagenomic sequencing 290 
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was conducted on an Illumina HiSeq 3000 instrument (2 x 150 bases paired-ended) at the GeT-291 

PlaGe platform (INRA, Toulouse, France) from libraries built with an Illumina TruSeq Nano kit. 292 

Metatranscriptomic analysis 293 

Snakemake workflow (Köster and Rahmann 2018) was used to evaluate the quality of sequences 294 

with FastQ v.0.11.8, to trim adaptors with Cutadapt tool v.1.18 (Martin 2011) and to proceed to 295 

ribodepletion with Bowtie2 v.2.3.5 tool (Langmead and Salzberg 2012) and SILVA LSU+SSU 296 

Reference sequence databank v.138. Kaiju tool v.1.7.1 (Menzel et al. 2016) was also integrated in 297 

the pipeline to classify taxonomy of reads with a graphic interface via Krona v.2.7 (Ondov et al. 298 

2011). This tool taps into the genome data available in the NCBI RefSeq library. The same 299 

workflow was applied to metagenomic data without the ribodepletion step. Then the 300 

metagenomic Snakemake workflow of anvi’o v6. (Eren et al. 2015) was run. First, illumina-utils 301 

v.2.8 to control quality of metatranscriptomic and metagenomics short reads with the “iu-filter-302 

quality-minoche” program with default parameters were used. The four obtained metagenomes 303 

were co-assembled with Megahit v.1.2.9 (Li et al. 2015) with the meta-sensitive mode and a 304 

minimum contig length of 1000 bp. An anvi’o annotated contig database was next generated to 305 

recognize prokaryotic genes using Prodigal v.2.6.3 (Hyatt et al. 2010). Gene functions and 306 

metabolic pathways were annotated from the NCBI database of Clusters of Orthologous Genes 307 

(COGs) (Galperin et al. 2021) and with eggNOG-mapper v.2.1.8 (Huerta-Cepas et al. 2017; 308 

Cantalapiedra et al. 2021) based on precomputed orthology assignments. Simultaneously, short 309 

reads of each metatranscriptome were mapped against contigs formed with co-assembly and 310 

indexed using bowtie2 v.2.4.2 (Langmead and Salzberg 2012). SAMtools v.1.7 (Li et al. 2009) 311 

was then used to generate sorted and indexed BAM files. Individual BAM files were profiled to 312 

generate anvi’o profiles using “anvi-profile” which were combined into a single anvi'o profile 313 
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with the program “anvi-merge”. The function “anvi-summarize” was applied to export functional 314 

annotation. Then the function “anvi-profil-blitz” was used to obtain gene-level coverage and 315 

detection stats, using the indexed bam-files. Taxonomy assignment on genes was also carried out 316 

using the MMSeqs2 v.14.7e284 (Steinegger and Söding 2017) and the UniRef90 database 317 

v.2022-01 to compare with the Kaiju tool. 318 

Statistical analysis 319 

The statistical analysis and visualization of the data obtained according to the different sampling 320 

tools were carried out using R software v.4.3.3 (R Core Team 2024) under RStudio 321 

v.2023.12.1.402 (Posit team 2024). R Packages Tidyverse (Wickham et al. 2019), ggpubr 322 

(Kassambara 2022a), rstatix (Kassambara 2022b), pastecs and FSA (Ogle et al. 2023) were used 323 

to analyze data from RNA extractions i.e. concentrations and RIN. For defective RIN values, a 324 

RIN value of 0 was assigned. Average and standard errors were calculated for RNA 325 

concentration and RIN by separating samples by sampling conditions, i.e. the site associated with 326 

the sampling tool. For statistical analysis, data were also separated by the same sampling 327 

condition. A number of preliminary tests were carried out: identification of outliers, assumption 328 

of normality of the data by Shapiro's test, assumption of homogeneity of variances by Levene's 329 

test. As some of the samples did not follow a normal distribution, a non-parametric Mann-330 

Whitney test with the “greater” alternative for RIN values was used to compare two by two 331 

variances as a function of sampling conditions followed by the non-parametric Kruskal-Wallis 332 

test and Dunn post-hoc tests. 333 

A second matrix was generated to include the raw-read data after each cleaning step in order to 334 

compare the different sampling conditions, i.e. the sampling tool associated with origin site, 335 
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integrating the calculation of means and standard deviation. The same statistical tests as above 336 

were applied. 337 

Another matrix was created from a file generated with the “anvi-profil-blitz” function to give the 338 

total number of transcript read mapping to genes, detected per sample, and the number of 339 

different related genes expressed per sample. To obtain this, all values different from zero were 340 

replaced by one to deduce the number of related genes expressed per sample whatever the 341 

number of copies retrieved per sample. The same R Packages were used to analyze the 342 

differences in total transcript abundance and transcript diversity depending on the sampling 343 

condition, i.e. the sampling tool associated with site of origin. The same preliminary tests were 344 

performed as mentioned above. As some of the samples did not follow a normal distribution, the 345 

analysis of variance was then conducted by the non-parametric Mann-Whitney test with the 346 

“greater” alternative used to compare two by two variances as a function of sampling conditions. 347 

Differential expression analysis was achieved using R packages DESeq2 (Love et al. 2014), 348 

phyloseq (McMurdie and Holmes 2013), Tidyverse and vegan (Dixon 2003). A distance matrix 349 

was generated from the transcripts detected per sample with the phyloseq tool, integrating data 350 

normalization with the variance stabilizing transformation (vst) incorporated in the DESeq2 351 

package. A principal coordinate analysis (PCoA) was performed to represent the different 352 

samples according to the Bray-Curtis dissimilarity matrix. Simultaneously, a permutational 353 

multivariate analysis of variance (PermANOVA) was run to compare variances with the Adonis2 354 

function based on Bray-Curtis dissimilarities and 9999 permutations to test the significance of the 355 

different metadata (site, tool, tool associated with the site of origin, RNA quality). Then, 356 

differential expression analysis continued using only the DESeq2 R package outside the phyloseq 357 

environment. Initial gene counts were previously filtered by removing those whose total was less 358 

than five and vst transformation was performed. Differentially expressed genes with adjusted p-359 
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values of 0.05 (padj < 0.05) and absolute log2-fold changes of two were considered significant in 360 

this study. Their broad function type was assigned by compiling the results of the COG 361 

annotation "COG20_CATEGORY" and the EggNOG-mapper annotation 362 

"EGGNOG_COG_CATEGORY". Figures were obtained thanks to ggplot2 R package (Wickham 363 

2009), ggrepel, RColorBrewer, gridExtra and then refined with Adobe Illustrator.  364 

Code and data availability 365 

The metatranscriptome raw reads are accessible in the European Nucleotide Archive under 366 

Bioproject Accession Number ERP162070 and the metagenomes raw reads are accessible under 367 

Bioproject Accession Number ERP162010. The URL https://gitlab.ifremer.fr/vc05320/fish-368 

tool_rimicaris-exoculata-cephalothoracic-epibionts-metatranscriptome provides access to a 369 

detailed and reproducible bioinformatic workflow for all bioinformatic and statistical analyses. 370 

ASSESSMENT 371 

During the BICOSE2 expedition, shrimps from two out of eight deployments of the FISH 372 

sampler were used in the present study. The shrimp tissues preserved in situ were collected from 373 

two different active sites on the Snake Pit hydrothermal field: “The Beehive” and “The 374 

Moose”(Fouquet et al. 1993). While no biometric measurements were made on the collected 375 

shrimps, adult individuals collected from large aggregates which appeared to be homogeneous in 376 

size but larger at “The Moose” site than at “The Beehive” site. However, biometric 377 

measurements performed during another study on the same expedition showed an average 378 

carapace length of 14.8 ± 4.8 mm (n=720) at “The Moose” site for all individuals, all life stages 379 

and sexes combined, compared with 11.1  ± 3.1 mm (n=1271) at “The Beehive” site (Methou 380 

2019). For each site, the same shrimp aggregate was selected for sampling with FISH and 381 

PERISCOP on the one hand, and FISH and suction sampler on the other (Figure S4). 382 
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Unfortunately, samples could not be collected with all three tools at the same site due to technical 383 

and logistic constraints. 384 

The efficiency of the FISH sampler was assessed by comparing the quantity and quality of 385 

extracted RNA individually with those obtained with the two other sampling methods. The 386 

abundance of genes detected in the metatranscriptomes was also compared as well as the 387 

differential expression of genes according to the sampling tool, all genes combined (host and 388 

symbionts). On board, shrimp tissues preserved in situ presented a different texture compared to 389 

fresh ones, as if "baked" by RNAlater®. Shrimps collected using the suction sampler were not 390 

very active, appearing either dead or unhealthy. Shrimps brought up in the PERISCOP were very 391 

active, and therefore appeared quite healthy. For a given sampling site, adult individuals of 392 

similar size were selected for dissection, whatever the sampling method. 393 

RNA extraction quality 394 

A different number of extractions had to be performed depending on the sampling method. In 395 

some cases, six extractions were not enough to secure at least three replicates satisfying the 396 

sequencing platform's quality requirements. For “The Beehive” site, six extractions were 397 

performed from FISH samples, and another six from PERISCOP. For “The Moose” site, nine 398 

extractions were required for the FISH samples and 12 for the suction sampler samples. Despite 399 

these 12 extractions from the suction sampler samples, only one RNA extract was able to comply 400 

with the platform's requirements, i.e. to achieve RNA integrity qualities via the RNA integrity 401 

number (RIN) (Schroeder et al. 2006) greater than eight (Figure 4 and Supplementary Table S1). 402 

This means that 92% of the RNA extracted from samples collected using the suction sampler 403 

were degraded (RIN<7), even though the RNA concentrations were high.  404 

RNA obtained from samples recovered from PERISCOP was compiled with good quality criteria 405 

for 50% whereas 33% were of poor quality.  406 
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Extractions from the FISH sampler showed significant disparity in terms of concentration and 407 

quality. Indeed, for the “The Moose” site, two extracts out of nine did not reach the minimum 408 

concentrations required for sequencing, but one of the extracts obtained from FISH exceeds 1 409 

µg/µL, corresponding to the most concentrated extract of all the experiments. Thus, for FISH 410 

sampling on “The Beehive” site, 50% of the extracts reached a sufficient quality for sequencing 411 

while 50% of the extracts were of poor quality. On “The Moose” site, RNA extracts were of 412 

lower quality with 33% of the extracts displaying RIN >8, 22% with RIN between 7 and 8 and 413 

44% with RIN <7.  414 

Overall, the suction sampler yielded more concentrated RNA but of poorer quality, requiring 415 

heavier sampling for fewer exploitable results, demonstrating its unsuitable use for routine 416 

transcriptomic approaches. In comparison, samples collected with FISH and PERISCOP 417 

appeared to generate RNA of more homogeneous quality and quantity. Statistical tests showed 418 

significant differences in RNA concentrations between FISH and the suction sampler on “The 419 

Moose” site (Wilcoxon-Mann-Whitney test, W=24, Pvalue =0.036) and between FISH from 420 

“The Beehive” site and suction sampler from “The Moose” site (Wilcoxon-Mann-Whitney test, 421 

W=9, Pvalue =0.013). For RIN values, RNA extracts from PERISCOP on “The Beehive” site 422 

showed significant differences with quality of RNA extracts from suction sampler on “The 423 

Moose” site (Wilcoxon-Mann-Whitney test, W=54, Pvalue =0.05). But there were no significant 424 

differences on RIN values between FISH and the suction sampler on “The Moose” site 425 

(Wilcoxon-Mann-Whitney test; Padj > 0.05, Supplementary Table S2).  426 

Three RNA extracts with RIN >8 were selected for sequencing for each site and sampling tool 427 

(Figure 4b). For sampling with the suction sampler, two extracts with RIN <7 had to be chosen 428 

on the basis of a compromise between highest possible RIN value and RNA concentration to 429 

have a triplicate.  430 
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 431 

Figure 4: (a) extracted RNA concentrations and (b) RNA integrity Number (RIN) 432 
associated with these extracts. The dots represent individual extracts, the barplots the mean 433 
of concentrations or of the RIN obtained and the error bar corresponds to the standard 434 

error, separated according to the sampling tool and site of origin. The color of the dots vary 435 
according to the value of the RIN: in red, RINs <7; in orange, RINs between 7 and 8; and in 436 

dark blue, RINs >8. Dots marked with a star have been selected for sequencing. 437 

 438 

Quality trimming and filtering statistics from sequencing data 439 

Shotgun sequencing of total RNA recovered for this study was successfully completed for all 440 

samples. It resulted in 384 million pairs of raw reads with an average of 32.02 ± 1.93 million 441 

pairs of raw reads per metatranscriptome (Supplementary Table S3). After rRNA depletion with 442 

Bowtie2 and filtration with quality minoche between 15 097 979 and 36 231 982 paired-reads per 443 

sample were conserved, representing 87-91% of the initial sequences. As the quantities of 444 

sequenced libraries had been normalized beforehand, the number of reads obtained and the 445 

qualities were equivalent for all samples, as shown by the statistical analyses, which did not 446 

reveal any significant differences between sampling tools (Wilcoxon-Mann-Whitney test; Padj = 447 

1, Supplementary Table S4).  448 
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With regard to the metagenome sequencing data, a total of 619 million pairs of raw reads per 449 

sample were obtained with values ranging from 137 358 894 to 166 733 163 raw reads per 450 

sample (Supplementary Table S5). The filtration steps resulted in the retention of between 89% 451 

and 91% of the starting reads. Low-quality reads were removed from the data set for all following 452 

steps. 453 

Co-assembly of the four samples produced a total of 1 044 858 contigs longer than 1 kbp which 454 

recruited between 83% and 90% of metagenomic reads and between 92.96% and 95.61% of 455 

metatranscriptomic reads (Supplementary Tables S5 and S3). The results obtained from the 456 

"anvi-profile-blitz" function were used to determine the number of reads that mapped onto a 457 

gene, corresponding to a total of 223 539 897 genes for the Rimi316Fem sample, 184 946 472 458 

genes for Rimi317-Fem, 237 934 362 genes for Rimi325Mal and 207 291 708 genes for 459 

Rimi326Mal. 460 

Number of total recruited transcripts and number of different genes detected per sample 461 

according to the sampling tool and site. 462 

As previously indicated, a table listing the number of transcripts detected per sample (only reads 463 

mapping to genes) was retrieved using the "anvi-profile-blitz" function. The data were aggregated 464 

to obtain the total number of detected transcripts per sample. All values different from zero were 465 

replaced by one to deduce the number of related genes expressed per sample whatever the 466 

number of copies retrieved per sample (Supplementary Table S6). The two types of data were 467 

then compared according to the sampling tool and the sampled site.  468 
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 469 

Figure 5: Boxplot of (a) Sum of total recruited transcripts mapped to genes per sample and 470 

(b) Number of detected genes per sample, with samples separated by site of origin and 471 
sampling tool. In green, sampling with FISH, in orange, sampling with PERISCOP and in 472 
blue, sampling with suction sampler. 473 

The number of total recruited transcripts was higher for samples from the FISH sampler on "The 474 

Moose" site compared with the suction sampler on the same site or samples taken on "The 475 

Beehive" site, with both the FISH sampler and the PERISCOP (Figure 5a). For FISH sampling 476 

on “The Moose”, there was a mean of 33 216 129 ± 10 979 054 total recruited transcripts against 477 

19 097 054 ± 10 979 054 transcripts for the suction sampler, 21 180 038 ± 8 943 098 transcripts 478 

for FISH sampling from “The Beehive” and 18 956 230 ± 3 831 351 transcripts from PERISCOP 479 

on “The Beehive” site (Supplementary Table S6). On average, compared to the abundance level 480 

of detected transcripts using the FISH sampler on “The Moose”, 42.93% fewer transcripts were 481 

detected from the samples from the suction sampler on the same site, 42.51% fewer from the 482 

PERISCOP samples on “The Beehive” site and 36.24% fewer from the FISH samples on “The 483 

Beehive” site. As the standard deviations appeared to be quite large, it was important to validate 484 

the observed trends by statistical tests. However, statistical data had to be put into perspective, 485 

given the low number of samples per population type (tool associated with the site of origin) 486 
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(n=3). The non-parametric Wilcoxon or Mann-Whitney test with the alternative “greater” was 487 

used to compare variances because of the non-normality distribution of values.  488 

The number of total recruited transcripts from FISH at "The Beehive" site was not significantly 489 

different from that obtained with PERISCOP at the same site (Wilcoxon test, W=6, Pvalue =0.35, 490 

supplementary table S7), nor from that obtained with the FISH sampler at “The Moose” site 491 

(Wilcoxon-Mann-Whitney test, W=2, Pvalue =0.9). The number of total recruited transcripts 492 

from FISH at "The Moose" site was also not significantly different from that obtained from the 493 

suction sampler at this site (Wilcoxon-Mann-Whitney test, W=8, Pvalue =0.1). 494 

Looking at the average number of different detected genes (Figure 5b), FISH samples from "The 495 

Beehive" site had the highest number of detected genes with an average of 182 257 ± 32 542 496 

genes, compared with 113 901 ± 1 597 genes for PERISCOP at the same site, 135 295 ± 15 239 497 

genes for FISH at "The Moose" site and 123 156 ± 35 348 genes for the suction sampler at "The 498 

Moose" site. Compared with the gene diversity detected with the FISH sampler at "The Beehive" 499 

site, this represented 37.51% less gene diversity detected with PERISCOP at the same site, 500 

25.77% less for FISH at "The Moose" site and 32.43% less for the suction sampler. Given the 501 

large standard deviation, there were no significant differences in the number of detected genes 502 

between FISH and the suction sampler on “The Moose” site (Wilcoxon-Mann-Whitney test, 503 

W=5, Pvalue =0.5, supplementary table S7). In contrast, the number of different genes obtained 504 

from FISH on "The Beehive" site was significantly higher than that obtained from PERISCOP 505 

(Wilcoxon-Mann-Whitney test, W=9, Pvalue =0.05*) or from FISH at "The Moose" (Wilcoxon-506 

Mann-Whitney test, W=9, Pvalue =0.05*). As previously indicated, statistical results should be 507 

treated with caution, considering the low number of comparative values and some high standard 508 

deviations. 509 

Taxonomic identification of total recruited transcripts 510 
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The taxonomy of the total filtered reads was first analyzed with the Kaiju tool which allowed us 511 

to identify between 9.06% and 58.87% of reads. The two samples with the fewest sequences 512 

identified (taxonomy or function) came from the suction sampler on “The Moose” site 513 

(C442_ASPI and C445_ASPI) and the two samples with the highest number of identified reads 514 

were from FISH samples on “The Moose” site (C480_FISH and C490_FISH). The number of 515 

unidentified reads was very high probably due to the absence of the Rimicaris exoculata or any 516 

closely related arthropod genomes in the databases, so MMseqs2 software was also used with the 517 

“taxonomy” function and the UniRef90 amino acid database on the recruited transcripts. 518 

Unfortunately, this tool did not improve taxonomic identification even if it was more reliable 519 

(Table Supplementary data S8). As shown in Figure 6, there were 59.25% ± 3.02% of 520 

unidentified genes for the FISH sampler from “The Moose” site, 64.79% ± 3.38% for the FISH 521 

sampler from “The Beehive” site, 67.76% ± 2.68% for the PERISCOP and 74.26% ± 12.72% for 522 

the suction sampler. The two samples with the less identified genes came from the suction 523 

sampler and corresponded to the two RNA with poor quality, probably degraded (C443 and 524 

C445). Surprisingly, among the samples from the suction sampler, the C442 sample had the most 525 

genes identified with MMSeqs2 (35.6%) while it was the least recognized by Kaiju. 526 

Bacterial groups identified (Figure 6) were similar to those found in previous studies (Zbinden et 527 

al. 2008; Guri et al. 2012; Jan et al. 2014; Zbinden and Cambon Bonavita 2020; Cambon-528 

Bonavita et al. 2021) with a majority of Campylobacteria representing a mean of 22.97% ± 529 

7.99% of the sequences depending on the samples, followed by Pseudomonadota (ex-530 

Proteobacteria) composed essentially of Gammaproteobacteria, and by Desulfobacterota and 531 

Bacteroidota. Sequences affiliated with Eukaryotes, among which some decapod or arthropod 532 

sequences were found but also protists and other Eukaryotes represent on average only 3.55% ± 533 

1.71% of detected sequences. 534 
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 535 

Figure 6: Barplot of taxonomic identification with MMSeqs2 of total recruited transcripts 536 

per sample grouped by tool and origin site. 537 

Distribution of gene expression data 538 

To reduce biases, the principal coordinate analysis (PCoA) of the differential expression was 539 

carried out by separating not only the type of sampling tool but also the site of origin. After 540 

normalizing the distance matrix with the variance stabilizing transformation (VST) included in 541 

DESeq2 tool, the PCoA (Figure 7) revealed a separation of the data by sampling tool associated 542 

with the site of origin. This separation by sampling condition was statistically significant 543 

(PermANOVA, R2 = 0.40, Pr(>f) =3 x 10-4). Similarly, the separation observed on Axis 1 by site 544 
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of origin was also statistically significant (PermANOVA, R2 = 0.17, Pr(>f) =0.0021). Finally, 545 

Axis 2 appeared to show a separation by RNA quality, which was statistically supported 546 

(PermANOVA, R2 = 0.158, Pr(>f) = 0.0312). Indeed, two samples from the suction sampler 547 

were isolated from the other points at the top of Figure 7 which corresponded to the two poor 548 

quality RNAs (C443 and C445 samples).  549 

 550 

Figure 7: Principal coordinate analysis of gene expression after DeSEQ2 normalization. 551 
The samples are represented by colored dots according to the sampling tool associated with 552 
site of origin (orange FISH on “The Beehive”, red FISH on “The Moose”, green 553 

PERISCOP on “The Beehive” and blue suction sampler on “The Moose”) and by shape 554 
according to the site of origin (round for “The Beehive” and square for “The Moose”). 555 

On the sampling site “The Beehive”, one PERISCOP sample was mixed with FISH samples.  556 

Gene expression therefore appeared to be more similar between samples taken by PERISCOP 557 

and those obtained after in situ stabilization of RNA with FISH tool on “The Beehive” site.  558 

Differential gene expression according to the type of sampling tool and station of origin 559 
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The differential expression analysis gave very variable results depending on the comparisons 560 

made. Between the suction sampler and FISH at “The Moose” site, there were 5741 different 561 

genes differentially expressed, of which 5025 were over-expressed and 716 were under-expressed 562 

in the suction sampler. In contrast, the comparison of expression profiles between the PERISCOP 563 

and FISH at “The Beehive” site yielded far fewer numbers of different genes differentially 564 

expressed, only 132 of which 81 were over-expressed and 51 were under-expressed with 565 

PERISCOP. 566 

To identify genes, COG annotation was coupled with eggNOG-mapper annotation so the 567 

“COG20_category”was used with the “EGGNOG_COG_category” and “KEGG class” to 568 

compare the data. Of these differentially expressed genes, a very large proportion concerned 569 

unidentified genes: 48.6% of the different genes for the suction sampler with FISH comparison 570 

and 17.4% for PERISCOP with FISH comparison. Among these numerous unidentified genes, 571 

five of them were over-expressed in the suction sampler compared to FISH samples from “The 572 

Moose” and contained a very large number of reads (respectively 42 216, 82 883, 114 461, 573 

2 481 748 and 4 259 592 baseMean) (Supplementary Table S9). The analysis of the remaining 574 

identified genes, which contained far fewer reads, was therefore difficult due to non-identified 575 

read excess. All unidentified genes were removed from Figure 8 to observe the differences in 576 

signals. 577 
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 578 

Figure 8: Distribution of differentially expressed genes by COG20 category and by 579 
comparative sampling conditions. Only values significantly different between each condition 580 

are shown, i.e. with Log2 Fold Change >2 or <-2 and with adjusted p-value <0.05. a: barplots 581 
represent sum of different over-expressed genes (abundance >0) and under-expressed genes 582 

(abundance <0). b: distribution of values of the Log2 Fold Change, which is a factor expressed 583 
on a logarithmic scale (base 2) and represents the difference in expression ratio between the 584 

two conditions. 585 

When the suction sampler was compared to FISH (on the “The Moose” site), the categories with 586 

a greater variety of over- or under-expressed genes were very diverse (Figure 8a). These included 587 

genes involved in the mechanisms of cell synthesis (translation, ribosomal structure and 588 

biogenesis: 205 genes over-expressed and 96 under-expressed, transcription: 140 genes over-589 

expressed and 13 under-expressed), in the posttranslational modifications (290 genes over-590 

expressed and 28 under-expressed), in the signal transduction mechanisms (277 genes over-591 

expressed and 20 under-expressed), genes involved in metabolism (carbohydrate transport and 592 

metabolism: 113 genes over-expressed and 21 under-expressed, energy production and 593 
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conversion: 143 genes over-expressed and 60 under-expressed), and other types of genes such as 594 

those involved in cytoskeleton (180 genes over-expressed) or intracellular traffic (114 genes 595 

over-expressed and 13 under-expressed). In terms of intensity of expression, the greatest 596 

differences in expression (Log2 Fold change >10 or <-10, i.e. over-expressed or under-expressed 597 

by a factor of at least 210 = 1024) were found in metabolic and transcriptional genes (Figure 8b). 598 

This would indicate cellular over-activity with accelerated turnover, probably due to stress, when 599 

the animals were collected with the suction sampler, compared with FISH. 600 

As for the differences in genes expressed between sampling with PERISCOP and FISH (on “The 601 

Beehive” site), the number of different genes was smaller and mainly found in the energy 602 

production and conversion category (13 genes over-expressed and 5 under-expressed). The 603 

highest expression differentials were found in DNA replication (Log2 Fold Change = 7.787), 604 

translation and biogenesis (Log2 Fold Change = -7.710) and inorganic ion transport and 605 

metabolism (Log2 Fold change = -7.249). 606 

DISCUSSION 607 

A new tool dedicated to in situ RNA preservation of deep-sea mobile fauna is described in the 608 

present study. In situ RNA tissue preservation for metatranscriptomic analysis using the new 609 

FISH sampler was assessed. The texture of shrimp tissue differed according to the sampling 610 

method: translucent and soft for living specimens collected using PERISCOP or suction sampler, 611 

and white and hard as they were “baked” for dead specimens recovered from our FISH sampler, 612 

suggesting that the RNAlater® penetrated deeply into the tissues. The exposure of samples to 613 

strong physicochemical variations (e.g. pressure, temperature, oxygen or hydrogen sulfide 614 

concentrations) before tissue preservation clearly affected the RNA quality as shown by the poor 615 

RIN values obtained on samples retrieved using the submersible suction sampler.  616 
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The PCoA suggested a separation of the two poor quality RNAs obtained from the suction 617 

sampler with the other samples. These samples also resulted in poorer taxonomic identification of 618 

transcripts. Given the lack of existing host genomic information in databases, this suggests an 619 

enrichment of shrimp sequences in our data at the expense of prokaryotic sequences. This was 620 

also supported by the differential expression profiles, which showed that most expressed genes 621 

could not be identified from suction sampler specimens. This may be due to chemical 622 

modifications, decompression and temperature increase suffered by the shrimp during ascent to 623 

the surface, which were recovered unhealthy. Moreover, some of the bacterial mRNA expressed 624 

in situ probably degraded during ascent, as they are much more unstable and shorter-lived than 625 

eukaryotic RNAs. Finally, unidentified shrimp genes such as stress-related genes may have 626 

become over-expressed. Furthermore, genes related to metabolism and posttranslational 627 

modifications were over-expressed compared to samples preserved in situ, also stressing the 628 

value of in situ preservation of tissue samples.  629 

The data show a significant greater diversity of expressed genes from samples collected with the 630 

FISH sampler on “The Beehive” site of 34.71% compared with FISH on “The Moose” site and 631 

60.01% compared with PERISCOP. The number of total recruited transcripts also seemed greater 632 

from samples collected with FISH on “The Moose” site (Figure 5), compared to the two other 633 

tools (+73.93% compared to suction sampler, +75.23% compared to PERISCOP, +56.83% 634 

compared to FISH on “The Beehive”). Unfortunately, due to large standard deviations between 635 

samples, statistical tests did not confirm that in situ RNA preservation had higher yields of 636 

recruited transcripts mapped on genes. However, statistical test results should be treated with 637 

caution, as they are based on only three points for each condition. 638 

Fewer differences were observed between in situ RNA preservation with the FISH sampler and 639 

pressurized recovery with PERISCOP from the same site, as shown by the PCoA and differential 640 
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gene expression analysis. Even if there are differences in “energy production and conversion”, in 641 

“inorganic ion transport and metabolism” or in “replication or translation”, ascent into the 642 

pressurized enclosure clearly limited the lethal effects of decompression, and possibly caused less 643 

disturbance in shrimp metabolism (Ravaux et al. 2019; Shillito et al. 2023). Additionally, 644 

PERISCOP’s syntactic foam casing also limited temperature exchange with the water column. 645 

The shrimps were therefore kept in seawater around 15°C and at almost in situ pressure (Shillito 646 

et al. 2023). Shrimps were probably less stressed in these conditions (Ravaux et al. 2019) and 647 

cellular machinery did not run amok. It is also possible that the half-life of mRNAs was greater at 648 

this temperature, close to the natural habitat of shrimps, and at high pressure.  649 

Some of the variance observed between results, in particular RNA concentrations, may have been 650 

biased due to the size of the shrimps. As tissues were not weighed before RNA extraction, the 651 

higher RNA concentrations obtained with specimens from “The Moose” site could be the 652 

consequence of the size of the organs harbored by these larger specimens. Hence, to limit 653 

potential sequencing bias, libraries were standardized in order to obtain the same sequenced 654 

quantities for each condition. Previous studies (Zbinden et al. 2008; Guri et al. 2012; Jan et al. 655 

2014; Zbinden and Cambon Bonavita 2020; Cambon-Bonavita et al. 2021) show that the shrimp 656 

Rimicaris exoculata harbors a restricted diversified symbiotic community in the cephalothorax, 657 

compared with environmental communities. Symbionts colonize the shrimp's cephalothorax as 658 

early as the juvenile stages, and persist throughout its life, whatever the stage, size or depth of the 659 

site of origin (Guéganton et al. 2024). In the present study, all symbiotic partners were retrieved 660 

in all samples, as revealed by the taxonomic identification of the expressed genes, indicating an 661 

overall homogeneous DNA/RNA extraction not impaired by shrimp size.  662 

Another potential bias of the experimental design was that the number of RNA extracts was not 663 

identical for all sampling methods. As the sequencing platform requires a minimum of RIN, 664 
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RNA, suction sampler specimens were extracted until at least three were obtained with the 665 

required RIN. However, only one specimen reached the required standard. If the same number of 666 

extractions had been applied in all conditions (i.e. six extractions), none from the suction sampler 667 

would have qualified for the platform, suggesting again that exposure of tissues to strong 668 

physicochemical variations strongly alter the RNA pool.  669 

The differences observed in the diversity of genes expressed between “The Beehive” and “The 670 

Moose” using the FISH sampler could be a consequence of the metagenome assembly used to 671 

identify metatranscriptomes only from individuals from "The Beehive" site. On “The Moose” 672 

site, the environmental chemical conditions are slightly different (Konn et al. 2022), suggesting 673 

that metabolic activities could also be contrasted, potentially introducing some differences 674 

between sites. Due to technical constraints, the metagenomes were obtained different shrimps to 675 

those used for the metatranscriptomes, introducing a potential additional bias, whatever the 676 

sampling method. 677 

Although a number of studies indicate the importance of preserving samples in situ to avoid 678 

transcriptional profile changes (Sanders et al. 2013; McQuillan and Robidart 2017; Gao et al. 679 

2019; Sun et al. 2020; Poff et al. 2021), only a few deep-sea studies have compared mRNA 680 

datasets between in situ and on-board RNA stabilization methods. In the water column, Feike and 681 

colleagues (Feike et al. 2012) and Wurzbacher and collaborators (Wurzbacher et al. 2012) 682 

demonstrate a greater number of transcripts with in situ RNA preservation. The results obtained 683 

with the FISH sampler also seem to show a greater number of transcripts thanks to in situ RNA 684 

preservation, although these are not statistically supported. In contrast to Wurzbacher et al. 685 

(Wurzbacher et al. 2012), our results moreover demonstrated differences in the quality of RNA 686 

extracts.  687 
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Taxonomic and genetic diversity also seemed to be affected by RNA post-preservation on board 688 

the ship. For example, a metatranscriptomic study conducted on galathea Shinkai crosnieri 689 

(Motoki et al. 2020) showed a higher Shannon diversity of OTU with in situ RNA-stabilized 690 

samples compared to onboard RNA preservation. Our results also showed a similar trend, with a 691 

greater number of different transcripts in the samples preserved in situ than in those recovered 692 

with PERISCOP and post-preserved on board, stressing the need for in situ RNA preservation to 693 

maintain taxonomic and genetic diversity, 694 

Various studies have shown a significant difference in gene expression between in situ RNA 695 

preservation and the classical approach (Watsuji et al. 2014; Edgcomb et al. 2016; Olins et al. 696 

2017; Motoki et al. 2020; Miyazaki et al. 2020). Quantitative RT-qPCR approaches used in some 697 

studies on symbiotic animal models such as setae of S. crosnieri (Watsuji et al. 2014) or gills of 698 

the gastropod Alviniconcha marisindica (Miyazaki et al. 2020) have demonstrated a higher 699 

abundance of some targeted genes like 16S rRNA gene transcripts or functional genes targeting 700 

different metabolic pathways for in situ RNA preservation. More holistic metatranscriptomic 701 

approaches have revealed variations in gene expression for different gene categories. The study 702 

by Motoki et al. on S. crosnieri (Motoki et al. 2020), for example, showed significantly different 703 

results on PCoA with Weighted Unifrac index between in situ RNA preservation and 704 

preservation on board. In the present study, the PCoA on shrimp R. exoculata with the Bray-705 

Curtis dissimilarity matrix also showed the influence of the sampling method and the sampling 706 

site. Moreover, the use of the Microbial Sampler - In situ Incubation Device (MS-SID) (Edgcomb 707 

et al. 2016) highlighted classes of genes differentially expressed for some taxa when fixed in situ 708 

compared to samples with Niskin bottles and on-board conditioning. Similarly, the Olins and 709 

collaborators study (Olins et al. 2017) revealed statistically significant differences in the 710 

expression on genes regarding carbohydrates, RNA metabolism, stress response and fatty acids, 711 
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lipids and isoprenoids, between the Deep-Sea Environmental Sample Processor (D-ESP) and 712 

Niskin bottles. Our results led to similar conclusions, with many genes differentially expressed 713 

between the FISH sampler and the suction sampler in different functional categories such as the 714 

mechanisms of cell synthesis, metabolism, genes involved in the cytoskeleton and intracellular 715 

traffic. Moreover, a greater number of unidentified transcripts were found in specimens sampled 716 

with the suction sampler. Various comparative studies have also shown that RNA post-717 

preservation on board the ship leads to major variations in gene expression compared to in situ 718 

RNA preservation. This could also bias the relative abundance of some taxa as they could be 719 

differentially affected by their proper degradation kinetics of RNA. For example, it seems that 720 

rRNA and mRNA of some taxa such as Methylococcales and Sulfurovum were degraded faster 721 

than those of Thiotrichales (Motoki et al. 2020). Furthermore, depressurization during ascent 722 

causes DNA fragmentation or cell envelope rupture or, for some taxa like methanotrophic or 723 

methanogenic bacteria, the release of cell contents into the environment, which also biases DNA 724 

analyses (Park and Clark 2002; Chen et al. 2021). All these results showed the added value of in 725 

situ preservation to avoid expression shifts related to carbon and energy source depletion, and 726 

temperature and hydrostatic pressure changes.  727 

The FISH sampler has been developed at a reasonable cost of ca. 6000€. It can be implemented 728 

on any submersible using its suction sampler and its hydraulic power system. It is easy to use, 729 

assemble/disassemble and clean, and limits the impact on living specimens by restricting 730 

sampling to 15-20 individuals. The FISH sampler benefits from the design of existing devices but 731 

with improvements of present functions to provide a complete new device for in situ RNA 732 

preservation of mobile fauna. A suction function has been added to the ISMACH sampler 733 

(Sanders et al. 2013) in order to collect highly mobile animals. Moreover, Miyasaki and 734 

collaborators highlighted the incomplete fixation of intracellular RNA of endosymbionts in the 735 
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absence of gastropod homogenization (Miyazaki et al. 2020). The fixative solution did not reach 736 

the interior of the tissues inside the animal, hence the importance of associating a homogenization 737 

system. But it was important to develop a homogenization process preserving tissue structure. It 738 

was necessary to be able to separate the different organs without crushing the animal, unlike 739 

homogenization with ISMACH. In addition, transfer speed of the preservative reagent was 740 

improved from nine minutes with the Japanese diffusion system to less than ten seconds with 741 

FISH. 742 

To facilitate the implementation of the FISH sampler on the submersible ROV Victor 6000, a 743 

future basket directly integrating the position of the FISH sampler and substation connections is 744 

under development. This will save time when installing the tool, and take up less space in the 745 

basket. 746 

CONCLUSION AND RECOMMENDATIONS 747 

Obtaining a full deep-sea in situ picture of biological activities is still a challenge. Here, we 748 

presented a new sampling tool for in situ RNA preservation of mobile fauna and their associated 749 

symbionts in the deep-sea. The FISH sampler combines the benefits of existing systems to create 750 

a tool adapted to collect deep-sea mobile animals and efficiently preserve in situ their tissues. 751 

Through metatranscriptomic approaches, differences of gene abundance and gene expression 752 

were investigated in the cephalothorax of the hydrothermal shrimp Rimicaris exoculata to 753 

compare this new sampler FISH to other methods. The results showed differences between in situ 754 

and on-board RNA stabilization, whether in terms of RNA quality, abundance of different or 755 

taxonomically identified genes and differential expression levels of genes.  756 

The comparison between the samples collected using the submersible's suction sampler and those 757 

collected using FISH revealed a greater number of differentially expressed genes than the 758 
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comparison of the samples collected using FISH between two geochemically contrasted 759 

hydrothermal fields. Therefore we do not recommend the use of the fauna suction samplers 760 

developed on most submersibles for gene expression studies. On the other hand, RNA obtained 761 

with the PERISCOP pressurized recovery device were relatively comparable to those obtained 762 

with FISH, although the genes were less diversified leading to potential bias when interpreting 763 

actual in situ biological activities. The FISH sampler is therefore a quite basic and affordable 764 

tool, suitable for studies of gene expression using metatranscriptomic.  765 

This work highlights the impact of the sampling tool on results obtained for metatranscriptomic 766 

approaches. In situ RNA preservation is key in identifying active members of deep-sea holobiont 767 

and characterizing their functions to expand our understanding of the microbiomes or host–768 

symbiont in situ interactions (Lan et al. 2019). The FISH sampler will therefore allow us to 769 

compare samples collected from the same hydrothermal field, but which may differ in their gene 770 

expression due to different geochemical conditions in environmental microniches, such as the 771 

comparison between “The Moose” and “The Beehive” sites. The use of FISH could apply to 772 

other animals in other deep-sea environments, such as cold seeps, or animals associated with 773 

cold-water corals or abyssal trenches. 774 
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