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The hydrothermal vent mussel Bathymodiolus puteoserpentis hosts gill-associated sulfur- and methane-oxidizing bacteria which sustain host nutrition and allow it to reach high densities at various sites along the northern Mid-Atlantic Ridge. Previous studies have demonstrated that in similar dual symbioses, relative abundances of each bacterial type could change following variations in symbiont substrate availabilities. In this study, pressurized recovery and incubations in pressure vessels were used to test whether B. puteoserpentis symbionts displayed similar behavior in the presence of symbiont substrates. The relative abundances of both types of symbionts were analyzed using fluorescence in situ hybridization (FISH) and group-specific gene copy numbers were assessed using qPCR. Specimens sampled using isobaric and non-isobaric recovery contained similar relative proportions (in surface coverage) of sulfur- and methane-oxidizing bacteria indicating that recovery type did not have impact on measured relative areas. Similarly, pressurized incubations with different substrates did lead to significant differences in the relative surface coverage of the two types of bacteria, although slight variations were measured with qPCR, suggesting changes in relative abundances of gene copy numbers but not in relative areas covered. Total gill surface areas and total bacterial numbers in specimens were estimated for the first time. Symbiont bearing-mussels display exchange surfaces about 20-fold higher than those found in similar-sized coastal mussels, and mean bacterial numbers of 2.5*1012 per specimen were estimated. This emphasizes that symbiotic mussels are a major reservoir of bacteria in vent ecosystems.
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INTRODUCTION

The large mussels (Mytilidae: Bathymodiolinae) thriving at deep-sea hydrothermal vents and cold seeps owe their success to the symbiotic chemosynthetic bacteria they harbor in their gill tissues. These bacteria benefit from the oxic-anoxic interface to gain access to both electron donors and oxygen, and the derived energy is used to fix carbon from inorganic carbon or methane and ultimately ensure nutrition of the host (Fisher et al., 1993; Duperron, 2010). Dual symbioses involving the simultaneous presence of sulfur- and methane-oxidizing bacteria (SOX and MOX) within the same host cells are a pervasive feature of bathymodiolins from vents and seeps in the Atlantic Ocean (Distel et al., 1995; Fiala-Médioni et al., 2002). The flexibility of these environmentally-acquired associations theoretically allows the symbiotic system to adapt to the reported spatial and temporal heterogeneities of symbiont substrate availability, and contributes to the ecological success of bathymodiolins (Won et al., 2003a; Halary et al., 2008).

In the species Bathymodiolus azoricus, from Mid-Atlantic Ridge (MAR) vents, and B. aff. boomerang from seeps in the Gulf of Guinea, symbiont relative abundances were shown to reflect the composition of surrounding fluid at the time of sampling (Halary et al., 2008; Duperron et al., 2011). Recent in vivo experiments have demonstrated that even a relatively short exposure to sulfide or methane could promote a shift in the balance between symbiont types, in favor of the symbiont using that particular substrate (Kadar et al., 2005; Halary et al., 2008; Riou et al., 2008). Although most of these experiments were conducted at ambient pressure on B. azoricus from the shallow vent site Menez Gwen (800 m), a recent study employed isobaric recovery and pressurized vessels to perform exposure experiments on specimens from the 2300 m deep Rainbow site. Despite that only two specimens were used for each treatment, exposure to bicarbonate ions and to a combination of sulfur and bicarbonate caused a spectacular increase in the relative abundance of sulfur-oxidizers measured as their volume within bacteriocytes (Szafranski et al., 2015).

These in vivo studies emphasized the relevance of isobaric recovery and use of pressurized vessels for the investigation of deep-sea symbiotic systems (Shillito et al., 2008). However, they raised several important questions that need to be addressed. One is about the universality of symbiosis flexibility in dual symbiotic mussels. Some species occur only at depths greater than B. azoricus, for example B. puteoserpentis, which lives at MAR vents situated between 2900 and 3700 m (O'Mullan et al., 2001; Desbruyères et al., 2006; van der Heijden et al., 2012). For these species, whether symbiont abundances also reflect habitat characteristics and are as flexible, and even whether maintenance and similar exposure experiments are tractable using available tools remain unknown (Le Bris and Duperron, 2010). Another issue is with the quantification method. The aim of most studies to date was to identify and characterize symbionts or host features from a limited number of host specimens, so they did not quantify symbiont numbers in any way. Among the few studies which attempted quantification, the methods used were indirect. Indeed, due to the structural complexity of gill tissue, they could not rely on direct cell counts. They included measurements of bacterial-specific compounds, rRNA content, fractions of the total bacterial volume occupied by each symbiont type, or qPCR on symbiont-specific genes (Yamamoto et al., 2002; Duperron et al., 2007; Halary et al., 2008; Guezi et al., 2014). Such approaches however provide relative abundances at best. The limitations of the methods were not always discussed, and the various methods were never compared directly. Reliable estimation of total numbers of bacteria in symbiotic mussels is also lacking. This information would be of prime importance to evaluate the significance of symbiotic metazoans as reservoirs of bacteria in comparison to other deep-sea habitats such as seafloor sediment, water column, exposed surfaces, or subsurface sediment. Obtaining these estimates from mussels requires measuring several parameters that have been poorly investigated to date, including gill surface area and bacterial content. Not only would this data be important for scientists investigating symbiosis, but it would also contribute to a better understanding of deep-sea microbial ecology.

In this study, specimens of B. puteoserpentis from the Snake Pit vent site were investigated. B. puteoserpentis is a sister-species to the well-documented B. azoricus and shares the same symbionts based on their 16S rRNA gene sequence (Won et al., 2003b; Duperron et al., 2006; Faure et al., 2009). We thus tested two hypotheses. The first was that B. puteoserpentis from the 3500 meter-deep site displayed a higher relative abundance of sulfur- vs. methane-oxidizers compared to the data available for B. azoricus, as can be predicted based on the higher sulfide-to-methane ratio observed at Snake Pit compared to other MAR sites previously investigated (Halary et al., 2008; Le Bris and Duperron, 2010). The second was that symbionts displayed similar dynamics in both species when live specimens are exposed to the substrates used by bacteria, given that B. puteoserpentis habitats are reported to be highly fluctuant (Zielinski et al., 2011). For this we performed isobaric recoveries and in vivo experiments in pressurized vessels and quantified symbiont relative abundances by fluorescence in situ hybridization (FISH) and image analysis (Halary et al., 2008), and by qPCR. In an attempt to bridge the gap between focused symbiosis case studies and more quantitative ecological investigations, we also estimated total gill surface area and bacterial numbers in individual specimens. Results represent a first step toward integrating the dynamics of mussel symbioses into the broader picture of vent ecosystem functioning, and provides a basis for the future evaluation of potential impacts of deep-sea exploitation on endemic symbiotic metazoans (Moskvitch, 2014).

MATERIALS AND METHODS

Specimen Recovery

Specimens of B. puteoserpentis with shell lengths between 41 and 125 mm (mean: 80.8 mm) were sampled during the BICOSE cruise aboard RV Pourquoi Pas? using ROV Victor 6000 (2014, chief scientists: MA. Cambon-Bonavita; M. Zbinden). Specimens were sampled on the hydrothermal vent site Snake Pit, close to the “Elan” marker (23°22′54″N, 44°55′48″W, 3520 m depth). Five specimens (specimens 101–105) collected during dive 1 were stored in insulated closed boxes and surfaced within 2 h of sampling (non-isobaric recovery). Seventeen and ten mussels were sampled using the PERISCOP pressure-maintaining device (Shillito et al., 2008) during dives 2 and 5 (specimens 201–217 and 501–511, respectively, isobaric recovery, Table 1) and recovered 70 min and 100 min respectively after the PERISCOP had been closed and released from the bottom. When the PERISCOP reached the ship's deck, the data from the pressure recorder (SP2T4000, NKE Instruments, Hennebont, France) were downloaded before pressure was released in order to proceed with further experiments (see below).

Table 1. Specimens from this study, their shell length, estimated gill area, bacteriocyte radius and number, symbiont area occupation as percentage of the total area occupied by bacteria on 2D sections, standard deviation (SD), estimated numbers of symbionts per bacteriocyte and per whole specimen, and estimated percentages of MOX based on gene copies and derived volumes (percentages of SOX correspond to (100-%MOX)%).
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Live Experiments and Sample Fixation

All five specimens from non-isobaric recovery (treatment A, Table 1) and seven from isobaric recovery (treatment B) were dissected and fixed immediately upon recovery onboard (see below). Other specimens from isobaric recoveries were transferred to impermeable 1L Nalgene bottles containing seawater (treatment C, five specimens), seawater saturated with methane (treatment D, five specimens), seawater containing 5.9 μM [image: image] (treatment E, six specimens), and seawater with 5.9 μM [image: image] and 36.4 μM Na2S (treatment F, four specimens). Chosen concentrations of sulfide and bicarbonate are within the range of concentrations reported in the vicinity of mussels at MAR vent sites, while methane is almost absent in end-member fluids at Snake Pit, but present at other MAR vents (Le Bris and Duperron, 2010). Bottles were closed, placed into the pressure vessel IPOCAMP (Shillito et al., 2014), and incubated for 5 h at 30 Mpa (the maximum capacity of IPOCAMP) and 8°C (the lowest temperature we could achieve in the system given the constraints of operating on a ship). Specimens were then dissected and fixed within 5 min after the end of the experiment. Gill tissue was split. The most anterior half of the gill was fixed for FISH as described previously (Duperron, 2015), and another fragment for DNA.

Estimation of Gill Surface Area

Shell length (SL), height and width were measured using a caliper. To avoid tissue RNA and DNA degradation, gills had to be dissected, subsampled and fixed within minutes after opening the pressure vessels. For this reason, gill length could not be measured directly. To estimate gill length, we instead used published values and measurements made on fresh specimens (not used for the present study) which indicate that gill length represents ~80% of SL in B. puteoserpentis, with a highly significant correlation (Von Cosel et al., 1999; Von Cosel and Marshall, 2003). Numbers of filaments per millimeter gill length were measured on FISH-fixed gills along the antero-posterior axis on one side of the specimen (filament density Dfil). Two filaments were then individually extracted from the median part of the FISH-fixed gill of each individual and photographed under a SZX12 dissecting microscope, showing no sign of tissue shrinkage (Olympus, Japan). The surface (Sfil) of one side of individual “W-shaped” filaments was measured on calibrated images using ImageJ (Abramoff et al., 2004). Assuming that all gill filaments have similar surface (i.e., that the gill is rectangular in shape), the total gill surface area Sgill was then estimated using the following formula:
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Although gills are roughly rectangular in shape, their anterior and posterior parts are more rounded, with filaments being shorter along their dorso-ventral axis, so this formula leads to a slight overestimation of the total gill surface, but certainly not by orders of magnitude.

Fluorescence In situ Hybridization and Relative Area Occupation by SOX and MOX Bacteria in the Gills

A fragment of FISH-fixed gill tissue was embedded in Steedman wax and 8 μm-thick transverse sections were obtained following the protocol in Duperron (2015). FISH was performed on these sections, as well as on gill filaments spread flat onto glass slides. Gill tissues were hybridized for 3 h at 46°C using the same probes and a formamide concentration of 30% as described previously (Halary et al., 2008; Szafranski et al., 2015). Three-channel RGB (red-green-blue) image stacks were acquired at 400x magnification under a BX61 epifluorescence microscope (Olympus Japan). The red, green and blue channels were used simultaneously and attributed to the Eub-338, ImedM-138, and BangT-642 probes, specific respectively for Eubacteria, methane- and sulfur-oxidizers (Table 2). Probe Non-338 was employed on separate sections as a negative control to confirm the absence of non-specific binding, and did not yield any signal (not shown). Image stacks representing volumes obtained from the 8 μm-thick sections were summed using the “Extended Depth of Field, Local Contrast Composite” function of ImagePro to produce the 2D images that were subsequently analyzed, as this makes following analyses faster without altering quality of estimations (Szafranski et al., 2015). Within each field of view, the numbers of pixels corresponding to the eubacterial (bacterial area), MOX, and SOX signals were computed from gill filament cross-section images using the SymbiontJ plugin implemented in ImageJ as previously described (Halary et al., 2008). The fraction of the bacterial area actually occupied by SOX and MOX was then determined across the entire field of view. For each specimen, percentages of MOX and standard deviation were calculated from a total of 4–10 images (one image consisting in a whole field of view) of good quality, from 4 to 5 distinct transverse gill sections. Image quality was verified by careful eye-examination of the areas actually detected by SymbiontJ.

Table 2. Primers used for qPCR and probes used for FISH in this study.
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Estimation of Gill Bacteriocyte Densities and Numbers of Gill-Associated Bacteria

For each specimen, five FISH images were acquired of the surface of whole-mount hybridized gill filaments. Bacteriocyte densities (DBC, the number of bacteriocytes per μm2 of gill surface area) were measured based on bacteriocytes counted using the “cell counter” module of ImageJ. To estimate bacterial number, mean bacteriocyte diameter was inferred by assuming a circle shape on flat images, and the volume of the corresponding sphere (VolBC) was calculated. Based on previous studies indicating bacteriocyte volume occupation of 55–58% in Thyasiridae (Dufour and Felbeck, 2006) and 52–55% in Vesicomyidae (Decker, pers. comm.), we assumed that bacteria roughly occupied 50% of the bacteriocyte volume in Mytilidae. The FISH-calculated fraction %SOX and %MOX of this volume corresponding to SOX and MOX allowed estimating the total volume occupied by each symbiont within a single bacteriocyte. Due to the high density of bacteria, diameters of SOX and MOX could not be measured directly on images. To estimate numbers of SOX and MOX per bacteriocyte, typical diameters of symbionts reported in previous studies were used (Fiala-Médioni et al., 2002). The volume occupied by SOX within a single bacteriocyte was thus divided by the volume of a typical spherical 0.8 μm diameter bacterium (VolSOX), and that occupied by MOX was divided by the volume of a spherical 1.5 μm diameter bacterium (VolMOX).

Total numbers nSOX and nMOXof SOX and MOX bacteria were then estimated by the following formulas:
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qPCR Analysis of Bacterial Genes

DNA was extracted from frozen gill fragments using a QiaQuick Kit (Qiagen, USA), and re-suspended at 20 ng/μL. Four gene-specific primer sets were employed, targeting fragments of genes encoding host H3 histone, eubacterial 16S rRNA (i.e., both symbiont types), SOX 16S rRNA, and MOX 16S rRNA (Table 2). Primer specificity was tested by sequencing cloned PCR products. The qPCR was run in triplicate for each gene and mussel specimen, and any replicate with CT differing by more than 0.5 were discarded. A dilution series of an equimolar mixture of DNA from all specimens was used to evaluate amplification efficiency. Results for each of the three bacterial genes were normalized and expressed as “-folds” vs. host histone by the ΔCT method (Table S1). We compared the sum of SOX and MOX quantifications vs. that of eubacteria to detect potentially aberrant results. The effect of isobaric vs. non-isobaric recovery on SOX and MOX gene copy numbers was evaluated by calculating mean “-fold” abundance of specimens in treatment A vs. the mean obtained for isobaric recovery (B) by the ΔΔCT method. Similarly, “-fold” values of incubation treatments D, E, and F were normalized to that of specimens kept for 5 h in seawater (treatment C). In order to test the correlation between qPCR and FISH results, percentages of SOX and MOX vs. the sum of SOX and MOX in gene copy numbers were calculated. Corresponding percentages in volume occupied were computed assuming that all bacteria contained the same number of 16S rRNA gene copies, and using the aforementioned VolSOX and VolMOX.

Statistical Analyses

All statistical analyses were performed using the R software and the Vegan package (Oksanen et al., 2007; R Development Core Team, 2013).

RESULTS

Sampling and Live Experiments

The lowest pressures experienced during the two PERISCOP recoveries were respectively 70.4 and 70.5% of the pressure at the seafloor where mussels were sampled. Only tightly closed specimens with unbroken shells were used for further treatments or fixation. A pressure of 30 Mpa was maintained during the incubations in IPOCAMP, which is lower than in situ pressure (about 35 MPa), and corresponds to the maximum working pressure of the instrument. Specimens were still closed tightly when recovered after 5 h, indicating that they were alive. Due to the constraint of processing several bottles within a single IPOCAMP, no video recording of mussel activity (including valve opening) could be obtained.

Gill Surface Areas and Bacteriocyte Densities

In the specimens investigated, gill filament densities ranged from 8 to 13 mm−1 (mean: 9.9) and bacteriocyte densities from 2340.8 to 6470.1 mm−2 (mean: 3986.5, Table 1; Figures 2A,B). Neither measurements correlated with shell length (t = −1.23, df = 30; p = 0.23 and t = −1.20, df = 28, p = 0.24). Estimated gill filament numbers per specimen ranged from 330.5 to 1173.5 (mean: 641.2), and gill surface areas ranged from 250.2 to 6023.1 cm2 (mean: 1491.4 cm2). Total estimated gill surface area correlated positively with shell length and best fit was obtained when applying a power function (R2 = 0.81, equation was Sgill = 0.0674 * SL2.24; Table 1, Figure 1).
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FIGURE 1. Total estimated gill surface (Sgill) area in cm2 vs. shell length (SL) in mm. The line represents to the best fitting power function (R2 = 0.81) and follows the equation Sgill = 0.0674.SL2.24.



Relative Areas Covered by SOX and MOX Symbionts and Effect of Recovery and Incubations

Images of FISH hybridizations on gill sections displayed clear non-ambiguous signals (Figures 2A,B, Figure S1). Bacteria labeled with the MOX-targeting probe were larger than those labeled with the SOX-targeting probe and displayed the donut-shape typical of methanotrophic symbionts reported in previous studies under high magnification (Duperron et al., 2006; Halary et al., 2008). No overlap existed between signals of the two probes. The signal from the Eubacteria-targeting probe fully overlapped with both MOX and SOX signals, suggesting very low abundance of other bacterial types. For this reason, percentages of SOX and MOX were calculated vs. the sum of SOX and MOX (SOX + MOX = 100%) and analyses were performed on %MOX. Percentages of MOX ranged between 20.4 and 41.3% of total bacterial area per field of view (Table 1). After Arcsine transformation (Halary et al., 2008), distributions of percentages did not follow normal distributions in at least some of the treatments (Shapiro-Wilk test, p < 0.05), and variances were unequal among treatments (Levene test, p < 0.05). A non-parametric Kruskal Wallis test revealed that differences existed among some treatments (KW test, p = 0.0005). Treatments were compared using paired Mann-Whitney-Wilcoxon (MWW) tests with a Bonferroni correction for multiple testing when needed. Percentages of MOX in specimens from non-isobaric (A, mean = 33.4%, Figure 3) and isobaric (B, mean = 36.8%) recoveries were not statistically different (MWW test, p = 0.15). Among the 5 h treatments, the only significant difference was between specimens exposed to methane (D, mean = 28.0%) and those exposed to bicarbonate (E, mean = 32.1%, MWW test with a Bonferroni correction, p = 0.03). A redundancy analysis investigating the contributions of treatment, individual, dive of origin, shell length, and bacteriocyte density was conducted. Inter-individual variation explained 34.8% of observed variations. Treatment explained 6.9% of the variance, followed by bacteriocyte density (3.6%). Shell length and dive had no significant effect (permutation test, n = 999 permutations).
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FIGURE 2. (A) Fluorescence in situ hybridization on transverse sections of gill filaments used for FISH estimation of symbiont relative abundances; (B) FISH on the apical surface of whole filaments spread on a slide, used for estimation of bacteriocyte densities. Sulfur-oxidizers, labeled with the BangT-642 probe appear in purple, methane-oxidizers labeled with probe ImedM-138 appear in green.
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FIGURE 3. Percentage of area occupied by methane-oxidizers vs. total bacterial area (comprising methane- and sulfide-oxidizers) in transverse sections of gill filaments of individual mussel specimen from each treatment (green diamonds). Mean value and standard deviation within each treatment are provided (gray line and error bars).



Variations in SOX and MOX 16S rRNA-Encoding Gene Copy Numbers

Primer pairs used were specific based on sequences obtained after cloning PCR products. The first observation was that although intra-specimen replicate qPCRs yielded similar values, a high variability existed among the different mussel specimens (Table S1). As a result, the percentages of the total bacterial gene copy numbers represented by MOX genes varied widely (Table 1). Gene copy numbers were considered to be significantly different when “-fold” values between two treatments were below 0.5 or above 2, as usually considered in gene expression studies (Bustin et al., 2009). Using these thresholds, average SOX gene abundance in specimens from non-isobaric recovery (A) was higher than in specimens from isobaric recovery (B, 2.03 vs. 1), but MOX was not (1.35 vs. 1). Among incubation treatments, SOX gene copy numbers were higher in the methane exposure (by 2.0 fold) and in the bicarbonate and sulfur treatment (by 2.5 fold) than in the seawater treatment (Figure 4). For MOX, the significance threshold value was reached in the methane and bicarbonate treatments, with a decrease in gene copy numbers compared to seawater (Figure 4). These results however need to be interpreted with great caution, as inter-individual variability was high, as shown in Figure 4. Volumes inferred based on percentages of MOX and SOX gene copy numbers estimated by qPCR did not correlate significantly with percentages measured with FISH in the same specimens (Table 1, Figure 5, t = 0.40; df = 27; p = 0.69).
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FIGURE 4. Number of copies of genes encoding 16S rRNA from methane- and sulfur-oxidizers (green diamonds and purple triangles, respectively) in gill tissue of individual mussel specimens from treatments C to F estimated by qPCR normalized vs. average value of the control 5 h exposure to seawater. Average values for MOX and SOX of the specimens from each treatment, normalized vs. average value of the control 5 h exposure to seawater, are represented by green and purple lines, respectively.
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FIGURE 5. Percentage of the total bacterial area occupied by methane-oxidizers derived from qPCR results (x-axis) vs. percentages measured by FISH on gill filament sections (y-axis). Non-isobaric recovery, blue diamond; isobaric recovery, red square; 5 h water, green triangle; 5 h methane, violet “ × ”; 5 h [image: image], blue “+”; 5 h sulfide and [image: image], orange circle. The dotted line with slope 1 corresponds to the relationship that would be expected if every symbiont contained a single copy of their 16S rRNA-encoding gene, and thus each copy would correspond to a bacterium.



Estimation of Total Bacterial Numbers in Gills

Based on FISH-measured percentages of MOX and SOX, on a model assuming spherical bacteriocytes and bacteria, and a 50% bacteriocyte volume occupation by symbionts, bacteriocytes contained on average 312 MOX and 4126 SOX symbionts (7 and 93% of the symbiont population in cell numbers, respectively, Table 1). Any given specimen contained between 2.8 * 1010 and 4.3 * 1011 MOX (mean = 1.7 * 1011), and between 3.1 * 1011 and 8.3 * 1012 SOX symbionts (mean = 2.3 * 1012). The total estimated number of bacterial symbionts in a specimen ranged between 3.4 * 1011 and 8.6 * 1012 (mean = 2.5 * 1012). Total symbiont numbers positively correlated with shell length (nSYMB = 6 * 107 * SL2.39; R2 = 0.84; Figure 6).
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FIGURE 6. Total estimated bacterial numbers (nSYMB) vs. shell length (SL) in mm. The line represents to the best fitting power function (R2 = 0.84) and follows the equation nSYMB = 6.107* SL2.39.



DISCUSSION

Distel et al. initially confirmed dual symbiosis involving sulfur and methane-oxidizing bacteria using 16S rRNA gene sequencing and FISH in B. puteoserpentis from Snake Pit. They formulated the hypothesis that dual symbiosis may be “providing the host with greater flexibility to exploit carbon and energy sources in the environment” (Distel et al., 1995: p. 199). Twenty years later we had the opportunity to perform isobaric recovery and in vivo experiments in pressurized vessels on this species, the deepest on which this type of approach has been applied to date (Shillito et al., 2008). In the present study, we measured relative area occupation of gill by symbionts based on 2D images, a method recently shown to yield proportions of MOX and SOX similar to those obtained by 3D FISH-based approaches (Szafranski et al., 2015). Relative area occupation by sulfur- and methane oxidizers is not statistically different between specimens from isobaric and non-isobaric recoveries. This indicates that the recovery type has limited impact on the relative area occupied by each type of bacteria as measured in this study. A similar lack of impact was previously observed on the sister species B. azoricus from the shallower Menez Gwen and Rainbow vent sites situated at 850 and 2300 meter depth, respectively, but our study extends this result to an even deeper site (3500 m) (Szafranski et al., 2015). MOX 16S rRNA gene copy numbers estimated by qPCR were also comparable between the two recovery methods, although SOX gene copy number was higher in non-isobaric recovery, again very close to the significance limit (2.03-fold). The fact that gene copy numbers and areas are unaffected by non-isobaric recovery is probably due to the stability of DNA and of bacterial cell structure in general. However, this does not preclude major potential effect on physiological and functional traits which were not specifically investigated here, and isobaric recovery is certainly to be recommended for further studies on these topics, and this is why we used isobaric-recovery specimens for in vivo experiments. Of course, recovery from even greater depths might involve significant changes in qPCR and proportion areal coverage data.

Symbiont Relative Abundances and Relation with Hydrothermal Fluid Composition on the MAR

Methane-oxidizers account for 36.8% of the bacterial area in specimens from the isobaric recovery. This is less than the recently investigated PERISCOP-recovered B. azoricus specimens from the Menez Gwen and Rainbow vent sites, which displayed 44.3 and 56.3% MOX, respectively (Szafranski et al., 2015). This is also less than values of 39.4 and 53.1% reported in other previous works using a slightly different approach (Halary et al., 2008; Le Bris and Duperron, 2010). Available data in other previous studies on the chemical composition of end-member hydrothermal fluids at Snake Pit indicate that reduced sulfur concentrations are higher than reported at the two other sites. They range between 2.7 and 6.1 mmol.l−1, compared to less than 1.5 and 2.5 mmol.l−1, respectively. Methane is on the other hand below 0.06 mmol.l−1 at Snake Pit, while it is present at Menez Gwen and Rainbow (1.35–2.63 mmol.l−1) (Desbruyères et al., 2000; Le Bris and Duperron, 2010). Overall, the fluid at Snake Pit is thus higher in sulfur and much lower in methane than the two others. It explains the higher relative abundance of SOX in gills of mussels compared to B. azoricus, and one can even wonder where the MOX obtain their methane. It must be noted that another closely-related mussel, namely B. aff. boomerang (Lorion et al., 2013), is reported to harbor up to 88.4% methanotrophs in volume at a methane-rich cold seep site in the Gulf of Guinea, indicating that dual symbioses can adapt to a broad range of substrate availabilities (Duperron et al., 2011).

The Limited Impact of Exposure to Symbiont Substrates and its Potential Causes

Depending on the incubation treatment, methane-oxidizers occupied on average between 28.0 and 32.1% of the total bacterial area (Figure 3). The only treatment that was different from the others was the methane exposure in which, paradoxically, methanotrophs displayed a significantly lower area occupation (based on three specimens only). In similar experiments and using the same FISH-based approach, the proportion of SOX was shown to increase from 38.5 to 90.1% in B. azoricus specimens from Rainbow upon 5 h-exposure to bicarbonate and sulfur, and to 76.0% with bicarbonate alone (Szafranski et al., 2015). No methane experiment was done in this previous study. Other exposure experiments at atmospheric pressure, including some with methane, also triggered marked changes in symbiont volume occupations (Kadar et al., 2005; Halary et al., 2008; Riou et al., 2008). Herein, treatments explained <7% of the variance observed among specimens, indicating a very limited effect on symbiont area occupation compared to the previous study under pressure (68.5% in Szafranski et al., 2015). Results from qPCR indicate on the other hand that SOX gene copy numbers increased during exposure to bicarbonate and sulfur, suggesting their presence may have promoted genome replication. Unexpectedly, an increase was also recorded in the methane treatment. As observed in FISH, qPCR indicated a decrease in numbers of 16S rRNA gene copies of methanotrophs in the methane treatment. However, inter-individual variability was high in qPCR results and the trends showing an increase in SOX gene copy numbers are the consequence of a limited number of specimens within each of the treatments (1–3, see Figure 4), thus more specimens would be needed to confirm our results.

Overall, neither direct results from qPCR nor volume inferred based on qPCR results correlated significantly with area percentages observed using FISH (Figure 5). This is an interesting finding because these two methods have never been used in tandem before. It indicates that the dynamics of gene copy numbers, and thus genomes, and bacterial volume are not directly coupled. This is not unreasonable, as bacterial growth and division are not necessarily correlated, and correspond to distinct time frames. This is illustrated by a study on SOX symbionts of Lucinidae bivalves which revealed the existence of distinct groups of symbionts differing by the number of genome copies they harbored (Caro et al., 2007). Authors suggested that the host did prevent cell division in this case, but did not rule out the possibility that symbionts are preparing for division. It can be assumed that genomes respond differently to variations than the whole bacterial volume or area. Genome amplification without cytokinesis was also documented in Medicago-associated Rhozobium symbionts (Mergaert et al., 2006). This could explain why we find significant increase in SOX gene copy numbers without seeing corresponding increase in their area. In another study, symbiont gene expression patterns were suggested to respond faster to variations than symbiont abundances in B. puteoserpentis (Wendeberg et al., 2012). In the present case, one could hypothesize that symbionts start replicating their genome under favorable conditions in order to prepare for cell division. We may indeed be seeing the first step of a slower response to variations than what was observed in B. azoricus in at least some specimens. Yet the lack of clear-cut changes in symbiont areas is still intriguing given that environmental fluctuations are reported around B. puteoserpentis (most documented at the Logatchev site; Zielinski et al., 2011). Although it may be that B. puteoserpentis or its symbionts actually have a slower response, several experimental constraints might provide an alternative explanation. The transfer of PERISCOP-recovered mussels to IPOCAMP involved a short, yet brutal, depressurization. Furthermore, the incubation pressure (30 Mpa) did not match exactly that naturally experienced by the animals (35 Mpa). Finally, experiments in closed bottles may have led to oxygen limitation and thus limited the use of substrates by symbionts. Mussels were not dead as the muscles still kept valves strongly stuck together at the end of the experiments, however the stress associated with these events may have caused mussels to change their behavior. For example, they may have opened their valves for shorter periods than what would have happened in normal conditions, limiting exchanges with the surrounding water. This would have isolated symbionts from the substrates that were added to the water, and could explain the very limited variations we observe. The fact that B. puteoserpentis is a deeper-dwelling species compared to B. azoricus, and is never found shallower than 2900 m, suggests that it could be less tolerant to depressurization, and would need to be treated even more carefully (O'Mullan et al., 2001). Further work may benefit from instruments which allow isobaric recovery and subsequent transfer toward an incubator without decompression. Such devices were successfully employed with other deep vent fauna but cannot yet be used if several treatments have to be tested simultaneously (Ravaux et al., 2013).

Estimates of Gill Surface Area and Number Of Bacteriocytes and Bacteria in B. puteoserpentis

To our knowledge, this study provides the first estimates of total gill surface areas in Bathymodiolinae. On average, mussels from this study had a shell length of 80.8 mm, harbored 641 gill filaments (9.9 mm−1 gill length), and had a total gill surface area of 1491.4 cm2, ~2.4 times the surface of an A4 sheet. Adult Bathymodiolus gills are roughly rectangular in shape, with relatively constant dorso-ventral elongation of the filaments over most of the gills' antero-posterior axis. However, filaments from the most anterior and posterior regions are less elongated dorso-ventrally. Because our method assumed a rectangular shape for the gill, it thus overestimates gill surface, but certainly not by orders of magnitude. Gill surface areas in coastal non-symbiotic mussels were estimated to be around 25 cm2 for a 55 mm-long specimen (Petersen et al., 2004). Jones et al. using a method similar to ours, obtained total gill areas around 35 cm2 and 13.5 filaments per mm gill length for 65 mm-long Mytilus edulis (Jones et al., 1992). These areas are around 20 times lower than those reported here for mussels comparable in size. For example, the smallest specimen in our study (C207, Table 1) had a surface of 263.2 cm2. This difference is well above what could result from the aforementioned overestimation bias from our method, and clearly indicates that Bathymodiolus gills display much higher gill surface areas than the coastal non-symbiotic species. Gill filament densities being lower in B. puteoserpentis, the difference is thus linked to the elongation of the lateral zone of gill filaments, which considerably increases the surface of individual filaments compared with non-symbiotic mussels (authors pers. obs.). Even the gill surface areas of larger non-symbiotic bivalves are much lower those reported here. They reach up to 120 cm2 in large specimens of the pearl oyster Pinctada margaritifera (120 mm shell length; Pouvreau et al., 1999), and 237 cm2 in 20 cm-long Acesta excavata (Jarnegren and Altin, 2006). Few estimates of surface areas of symbiont-containing gills are available from chemosymbiotic bivalves. In Solemya velum, Scott estimated gill surfaces of 107 cm2.g−1 and 276 cm2.g−1 total and gill wet weight, respectively (Scott, 2005). With gills between 6 and 80 mg and two gills per specimen, total surface areas between 3.3 and 44.2 cm2 can be extrapolated in S. velum. Shell lengths of specimens were not reported in this study, but they usually reach only around 25 mm (http://eol.org). In this regard, Bathymodiolus mussels display unprecedented exchange surfaces for their size, even among chemosymbiotic bivalves, although other large chemosymbiotic bivalves such as vesicomyids may also have comparatively large gill surfaces. Estimation should be improved for example using total imaging of gills in dedicated mussels (i.e., specimens that do not need to be subsampled quickly as we did).

Gill surface area in B. puteoserpentis increased with shell length following a power law. If gill surface area did display isometric growth with shell length, a scaling exponent of 2 would be expected. The aforementioned A. excavata for example displays a scaling exponent of gill area vs. shell length of 1.94, close to this value (Jarnegren and Altin, 2006). The value of 2.24 reported herein indicates positive allometric growth in B. puteoserpentis, with gill area increasing faster than the square of shell length.

We estimated that each mussel contained between 1.0 * 108 and 3.9 * 109 bacteriocytes, and overall between 3.4 * 1011 and 8.6 * 1012 bacteria. Very few estimates of actual bacterial numbers are available for chemosymbiotic organisms, because reliable estimates are really hard to obtain from tissues with complex shapes. Here, we assumed that the whole surface of each gill filament was paved with bacteriocytes. Although most of the surface is indeed occupied by bacteriocytes, there are small areas that are not, such as the ciliary junctions or the ciliated area in the frontal zone of gill filaments. For this reason, bacteriocytes and bacterial numbers are probably slightly overestimated, yet comparable among specimens. Interestingly, estimates of 1010–1011 cells per gram gill tissue were reported based on Q-8 quinone measurements in Bathymodiolus sp. (possibly brevior) and Calyptogena laubieri. These are within an order of magnitude of our estimates, and not far from the highest bacterial densities recorded in some mats of photosynthetic or methanotrophic prokaryotes (1012 bacteria per mL; Amaral-Zettler et al., 2010). Recent results from the census of marine microbes provided typical estimates of 108–109 bacteria per liter seawater and 108–109 per gram marine surface sediment (Amaral-Zettler et al., 2010), which means that a single mussel may harbor more bacteria than 1000 liters seawater or 1 kg seafloor surface sediment. Around hydrothermal vents, 108–1010 bacteria per kg chimney (Harmsen et al., 1997; Takai et al., 2001) and 107–109 per liter in the hydrothermal plume (Cowen et al., 1999; Takai et al., 2004; Anderson et al., 2013) were reported. Although numbers including those reported herein are only rough estimates, they emphasize the significance of symbiotic mussels as bacterial habitats around hydrothermal vents. They confirm that symbionts are probably amongst the most abundant bacteria at vents which display high densities of Bathymodiolus mussels. Associated with host density data, these estimations open the possibility of integrating chemosymbiotic organisms into the energy budget of hydrothermal vents. This would help bridge the gap between basic symbiosis characterization and evaluation of their ecological impact. It may also be of interest in future evaluations of the impact of human mining activities.

CONCLUSIONS

B. puteoserpentis from Snake Pit harbors the same symbionts as the shallower sister-species B. azoricus from which it diverged 0.76 MYA (Duperron et al., 2006; Faure et al., 2009), with a higher relative abundance of sulfur-oxidizers than observed in the latter, probably due to differences in habitat chemistry. Its association displays signs of flexibility, but it may be that isobaric transfer from the recovery device to the incubation aquarium is mandatory to maintain mussels in good condition to study the holobiont's response to habitat variation. Future studies should employ appropriate equipment to test this hypothesis, and when possible monitor the chemical characteristics of the water around mussels during the recovery and the experiments. The gill surface per length is much higher than in other documented bivalves, with the consequence that symbiont abundances in mussel gills are high when compared to other bacterial habitats around vents. This clearly points to symbiotic metazoans as major reservoirs of bacterial numbers at hydrothermal vents. Future work should integrate these findings into ecological approaches to better understand the ecosystem as a whole.
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Table S1. Specimens from this study, qPCR results obtained for SOX-, MOX-, and Eubacteria-specific target genes expressed as “-folds” vs. the host reference gene (histone). Each qPCR was run in triplicates.

Figure S1. Fluorescence in situ hybridization on transverse sections of gill filaments of Bathymodiolus puteoserpentis displaying probe-labeled bacterial symbionts. On the left: composite image displaying the overlapped signals from probes Eub-338 (FITC, blue), BangT-642 (Cy5, red, sulfur-oxidizers thus appear purple) and ImedM-138 (Cy3, green). The three black and white images display individual channels, from left to right: BangT-642, ImedM-138, and Eub-338. Scale bar is 10 μm.
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D length  area (wm) per Number per Number per per MOXin  ingene  MOXin
(mm)  (cm2) specimen MOX/BC  specimen SOX/BC  specimen  specimen  numbers  copies  volume
A101 101 1743 86 TA3E+08 361 66 2762  205E+11 639 32183  289E+12  260E+12 791 35 195
A102 125 16693 102 S1SE408 412 45 5116  263E+11 588 48228  248E+12  275E+12 959 12 73
A103 100 15238 107 421E408 204 92 2099  126E+11 796 76967  B24E+12  336E+12 375 81 366
A104 15 26846 93 991E+08 398 59 3776  BT4E+11 602 87692  B74E+12  4.11EHI2 911 62 304
A105 8 15107 104 445E408 296 66 9941  L7SE+11 704 61895 2756412  2.93E+12 599 56 28
B501 17 28206 99 9.15E+08 41 M8 4721 432411 59 44798 410E+12  453E+12 953 34 19
B502 o 19233 106 550E+08 351 73 4886  269E+11 649 59613  G28E+12  355E+12 7.58 83 375
B503 7 956.3 101 2966408 334 72 4116  120E+11 666 5415 160E+12  1.73E+12 7.06 78 357
8201 81 1472 86 6326408 412 69 8118 1O7E+11 588 20001  1.86E+12 2066412 959 12 76
B202 5 397.9 83 1856408 392 64 2636  48TE+10 608 26929  49BEH1  5ATE+11 892 a7 245
8203 52 7368 79 380E+08  30.1 62 2244  853E+10 €09 28063  BTTE+I1  962E+11 887 89 303
B204 12 40785 83 190E+09 288 13 1926 B67E+11 712 31309  596E+12  633E+12 579 129 494
c205 75 6304 75 354E+08 278 58 1404 498E+10 722 24058  852E+11  QO2E+11 552 8 363
c208 12 60231 7 390E+09 211 61 862 BIBE+11 789 21287  830E+12  863E+12 389 32 18
c207 41 2632 8 131E+08 408 69 2484  326E+10 592 20787  B10E+11  343E+11 9.47 32 17.8
C505 101 2349.1 107 649E+08 317 86 4647  BOIE+I1 683 66105  420E+12  459E+12 657 215 644
C506 72 5326 107 1.48E+08 38 57 5534  B818E+10 62 69592  B.8O0E+11  Q62E+11 85 603 909
D208 0 19172 85 845E+08 31 126 255  191E+11 69 33075  280E+12  299E+12 638 23 136
D209 94 1987.3 81 967E+08 258 7.3 1619  1S7E+11 742 30702  297E+12  B.12E+12 501 32 18
D210 82 13982 92 5.26E+08 - - - - - - - - - 28 159
D507 8 15909 94 ST7E+08 273 85 2665  154E411 727 4667 269E+12  285E412 54 13 56
D508 58 679.4 106 1.66E+08 - - - - - - - - - a7 244
E211 75 12878 101 398E+08 382 48 4726  188E+11 618 50461  201E+12  220E+12 856 B 295
E212 66 8635 82 408E+08 294 53 1923  785E+10 706 80498  126E+12  1.32E+12 593 168 57.1
E213 48 2502 88 1.03E+08 % 51 2744  286E+10 66 35143 362E+11  3.90E+11 7.24 15.4 545
E214 & 10187 81 495E+408 217 83 1365  675E+10 783 02487  161E+12  167E+12 403 13 78
E509 9% 18675 97 6326408 371 86 4021  254E+11 629 4488 283E+12  3.00E+12 822
E510 52 4642 04 160E+08 324 72 3142 5BIEHI0 676 43189  7.80E+11  7.83E+11 678 68 324
F215 6 11265 79 STIEX08 209 97 1282  TO4E+10 791 30688 1756412 1.82E+12 386 09 58
F216 54 7133 83 330E+08 413 126 2792  9226+10 587 26145  8GE+11  Q.56E+11 965 81 368
F217 69 735.1 81 357E+08 269 112 1693  6O4E+10 731 30325  108E+12  1.14E+12 529 43 227

F511 67 6155 17 144E408 333 7 6264  9O02E+10 667 82658  1.19E+12  128E+12 7.04 a1 219
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16Smox-515F
16Smox-845R
16Ssox-193R
16Ssox-115F
His-F1

His-R1
Eub-1052F
Eub-1193R

% Eub-338
IMedM-138
a

BangT-642

Primers

Sequence (5'-3')

GTGCCAGCMGCCGCGGTA
GCTCCGCCACTAAGCCTATAAATAGACC
CGAAGGTCCTCCACTTTACTACATAGAG
GAGTAACGAGTAGGAATCTGC
ATGGCTCGTACCAAGCAGACVGC
ATATCCTTRGGCATRATRGTGAC
TGCATGGYTGTCGTCAGCTCG
CGTCRTCCOCRCCTTCC

GCTGCCTCCCGTAGGAGT
ACCAGGTTGTCCCCCACTAA
CCTATACTCTAGCTTGCCAG

FISH probes were labeled with FITC, CY-3, and Cy-5.

Target

165 rRNA-encoding gene from MOX symbionts

165 rRNA-encoding gene from SOX symbionts

Histone H3-encoding gene from host

16S rRNA-encoding gene from Eubacteria

Eubacteria
MOX symbionts
SOX symbionts
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