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Kelliella miliaris (Philippi, 1844) is a minute bivalve, living on the surface of soft sediments, from the continental shelf to bathyal depths, commonly in the oxygen minimum zones (OMZ) and/or in reducing habitats. The scarcity of data on the biology of Kelliella prompted us to investigate, at ultrastructural level, specimens found in southern Spain. Kelliella miliaris shows several morphological characteristics that would be adaptive for living in the OMZ: (1) presence of numerous muscular fibers in the mantle, mantle edge and gills-visceral mass connection; all of which would allow to actively move the gills and/or enable a better control of the ventral opening in relation to vertical movements of the animal; (2) high number (in relation to body size) and large size of gill filaments, mainly in the large inner demibranch; and (3) long cilia which would provide a large surface for capture of oxygen and a highly effective uptake of oxygen from water. We have observed in all the specimens examined the presence of numerous rod shaped bacteria among the gill cilia. These bacteria show the typical double membrane of Gram-negative bacteria. The analysis of the bacterial DNA revealed that Gammaproteobacteria is the most abundant class, with 53.69% of total reads. The latter, together with the peak of oxygen and the presence of sulfur inside the electron dense granules from the bacteria, determined by TEM-EDX analysis, point to the involvement of these bacteria in the oxidization of the sulfide to thiosulfate. The presence of bacteria in the gills of Kelliella miliaris highlights the importance of the chemosynthetic symbiosis in the OMZs of the oceans that has been probably overlooked up to now. The presence of different microorganisms in the stomach indicates heterotrophy. We have found spermatozoids inside the female gonad, which confirms internal fertilization in K. miliaris. However, the presence of protoconch I and protoconch II, indicates planktotrophic larval development.
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1 Introduction

Oxygen minimum zones (OMZs), also called oxygen minimum layers (OMLs), are, in general, pelagic habitats with stable conditions of continuously low oxygen level and low temperature that are found at intermediate depths (400–1000 m depth), over vast areas in most of the world’s oceans. Where the OMZs intersect continental margins, stable low oxygen conditions are also found in the benthic habitat. The OMZs differ from other hypoxic aquatic habitats in that very low oxygen levels are stable over long periods and large areas (Childress and Seibel, 1998). These OMZs develop because the consumption of oxygen relative to replenishment is greater than at shallower and greater depths. The consumption and supply of oxygen at shallower depths is higher than at greater depths where there are strong reductions of biomass (Sewell and Fage, 1948). Those few species that do live in pelagic habitats with very low oxygen concentrations are typically diurnal vertical migrators which enter shallower, more oxygenated waters at night (Childress and Seibel, 1998 and references therein), however, nothing is known about the existence of vertical migrations of the fauna from benthic OMZs.

Persistent O2 deficiency occurs when the amount of dissolved O2 in the water column is consumed faster than it is resupplied through air–sea exchange, photosynthetic O2 production and ventilation. Thus, in profile, OMZs resemble a band of O2-deficient water inserted between two O2-containing water masses. The amount of O2 chosen to define OMZs ranges from <2 μmol O2 per kg water to 90 μmol O2 per kg water (Wright et al., 2012).

Three are the proposed possible physiological adaptations of the organisms to the OMZs: (1) the development of mechanisms for the highly effective capture of oxygen from water; (2) the reduction of metabolic rates or (3) the use of anaerobic metabolism to make up the difference between aerobic capacity and total metabolic demand (Childress and Seibel, 1998). Some groups, such as fishes, crustaceans, mollusks or polychaetes, have specialized circulatory systems and respiratory systems which offer possibilities for adaptations.

To obtain nutrients in poor, oligothrophic conditions, such as those found widely in the deep sea, is considered one of the driving forces for the evolution of chemosymbiosis (Kleiner et al., 2012). Chemosynthetic symbioses represent an adaptation to ecosystems and habitats with reducing conditions, such as cold seeps and hydrothermal vents, but up to now relatively little is known regarding their diversity and functioning apart from a few “model species” on which effort has focused over the last decades (Duperron et al., 2013). Symbioses have often been overlooked in other habitats, in which symbiotic species are not dominant and somewhat smaller. The ability to associate with chemosynthetic bacteria is a recurring feature in the evolution of bivalves, since it has appeared independently in at least five families, Mytilidae, Vesicomyidae, Solemyidae, Lucinidae and Thyasiridae (Southward, 1986; Duperron et al., 2013), and more recently discovered in other two: Nucinellidae and Lasaeidae (Oliver and Taylor, 2012; Oliver, 2012). Four of these families (excluding Mytilidae) are associated with sulfur-oxidizing Gammaproteobacteria. Species of the family Mytilidae are characterized by a broader diversity of associated bacteria. Endosymbiont bacteria found in gill tissues in these families convert otherwise unavailable energy sources (sulfide, methane) to forms readily metabolized by their host, but species of the families Xylophagaidae and Teredinidae, which colonize driftwood or sunken wood, have endosymbiont bacteria for the conversion of terrestrial derived cellulosic carbon from wood into animal biomass in the deep sea (Distel and Roberts, 1997).

Low-O2 marine communities are typically inhabited by a reduced diversity of generally unmineralized, low-density, and small-sized taxa (Sperling et al., 2015), and they are usually opportunistic detritivores (Levin, 2003). Organisms from the OMZs have developed a series of physiological or behavioral adaptations that allow them to maintain aerobic metabolism with reduced energy demand, such as enhancing O2 extraction, transport, and storage (Childress and Seibel, 1998). Some species are facultative anaerobes and they can switch to anaerobic metabolism in order to sustain reduced rates of energy turnover while in hypoxia (Borges et al., 2022 and references therein).

The OMZs are extensive in the eastern Pacific Ocean, the Arabian Sea and off West Africa (Levin et al., 2000 and references therein). The faunal assemblage living at the OMZ has been mainly studied in the Arabian Sea and California slope. Levin et al. (2000) studied the macrobenthic community structure within and beneath the OMZ from the NW Arabian Sea where they found highest macrofaunal densities in the middle of the OMZ, in 700-850 m, intermediate at 400 and 1000 m and lowest at the 1250- and 3400-m stations. In general, the polychaetes accounted for 88,8% of total collected individuals; mollusks and crustacean represented only 3.4 and 5.7% of the specimens respectively. Due to the use of boxcorer, the megafauna was under-represented in this study. Among the 35 taxa of mollusks collected from the NW Arabian OMZ, there were six taxa usually associated with chemosynthetic bacteria (one Lucinoma sp. and five Thyasira spp.) (Dufour, 2005; Taylor and Glover, 2006) and one Kelliella sp. Also in the OMZ of the Arabian Sea, off southern Oman, bacterial symbiosis was reported in two new species of bivalves of the family Nucinellidae (Oliver and Taylor, 2012), in which bacteriocytes with bacteria were observed inside the gills. However, Cook et al. (2000) found in the OMZ on the Oman slope that the abundance of nematodes was correlated with food quality (measured as the hydrogen index) rather than oxygen.

Within the OMZ from the Indian continental margin, changes in abundance of the megafaunal assemblage (composed by Porifera, Cnidaria, Mollusca, Crustacea, Echinodermata, Ascidiacea and Gnatostomata) were correlated to both oxygen availability and sediment organic matter quality (Hunter et al., 2011). Fish dominated the assemblage in the OMZ at 540m, but at 800m high densities of ophiuroids and decapods produced megafaunal abundance peaks, and below this boundary total faunal abundance declined gradually with depth. The latter data support previous evidences that the specific responses of individual taxa to oxygen limitation and organic matter availability determine megafaunal zonation within an OMZ continental margin (Levin et al., 1991; Hunter et al., 2011). Some species were also present in upper, more-oxygenated, ocean layers, but the individuals from the OMZ had physiological adaptations able to survive with low oxygen. In the OMZ of southern end of the California Current, down to oxygen concentrations of 0.2 µml/l, the zooplankton was abundant, with several species that perform nocturnal vertical migration toward upper layers with more oxygen (Longhurst, 1967).

Small-subunit ribosomal RNA (SSU rRNA) gene sequences associated with chemoautotrophic, sulfur-oxidizing gill symbionts of deep-sea clams and mussels were first identified in open-ocean OMZs in the Arabian Sea, the eastern tropical South Pacific and the Namibian upwelling (Fuchs et al., 2005; Stevens and Ulloa, 2008; Lavik et al., 2009). The discovery of potential sulfur oxidizer in non sulfidic water is enigmatic, bringing into question the source of the reducing equivalents that are needed to fix inorganic carbon (Wright et al., 2012).

The physiology of thiotrophic bacteria thriving on the surface of animals (ectosymbionts) is less understood. A longstanding hypothesis proposes that attachment to animals that migrate between reduced and oxic environments would boost sulfur oxidation, as the ectosymbionts would alternatively access sulfide and oxygen, the most favorable electron acceptor (Paredes et al., 2021).

The type species of the bivalve genus Kelliella is K. abyssicola Sars 1870, currently considered junior synonym of Kelliella miliaris (Philippi, 1844) (WoRMS, 2024). Kelliella miliaris is present from off Norway to Canary Islands in the Northeastern Atlantic and in the Mediterranean Sea (Allen, 2001; Krylova et al., 2018; Utrilla et al., 2024). It is a benthic species, living on the surface of soft sediments (Clausen, 1958), from the continental shelf to bathyal depths. The stable δ13 C and δ15 N isotopic composition of K. miliaris was found similar to that of Vesicomya, suggesting heterotrophy (Krylova et al., 2018). Kelliella miliaris was present in high abundance in the low oxygen layer of Cap Breton (southeastern Bay of Biscay) (Jean Claude Sorbe, pers. com.). It is interesting to point that some species of Kelliella, such as K. miliaris, occur in organic carbon enriched habitats (Molina et al., 2019) or even exposed to reduced conditions, and can reach high numbers in sulfidic habitats, where pogonophorans are present (Southward et al., 1981; Krylova et al., 2018). According to the latter authors, the scarcity of data on the biology of Kelliella and in particular the fact that specimens have been observed in organic-rich or even reducing environments warrant further investigations of this group. Therefore, the presence of symbiotic bacteria in the gills of Kelliella miliaris described in this study could be the response to the presence of K. miliaris in low oxygen and/or reducing habitats.




2 Materials and methods

We have examined ultrastructurally five specimens of Kelliella miliaris, two from the Gulf of Cadiz (INDEMARES CHICA, 0211; 36°37.62′ N-07°12.2′ W, 735 m) and three from Bay of Málaga (field work of graduate program Diversidad Biológica y Medio Ambiente, BV57. 36°36.66’ N-4°21.82′ W, 117 m in muddy bottom). Other seven specimens from the Bay of Málaga (DiBiMA, BV68 36°36.83’N, 04°21.70’W; 94-124 m; 09/05/2023 in muddy bottom) were processed: two specimens for scanning electron microscopy (SEM) and five specimens were used for the sequencing of DNA from the bacteria and host. Unfortunately, during both samplings campaigns CTD to analyze oxygen in water were not available.



2.1 Procedure for transmission electron microscopy

The specimens from the Bay of Malaga were anesthetized for 30 min with isotonic magnesium chloride solution (71 g of MgCl2.6H2O/liter of freshwater) prior to fixation in 2.5% glutaraldehyde buffered with sodium cacodylate (0.1 M, pH 7.4) for at least 48h at 4°C. The specimen from the Gulf of Cadiz was fixed in ethanol 70%. After this, they were completely decalcified by immersion in 2% EDTA (Ethylene Diamine Tetraacetic Acid). They were postfixed in OsO4 (1%) for 60 min at room temperature and dehydrated in acetone series (30%, 50%, 70%, 90%, and 100% twice). Between 50% and 70% steps, the samples were incubated in-bloc in 2% uranyl acetate solution in 50% acetone at 4°C, overnight. Then, the samples were gradually embedded in low-viscosity Spurr’s resin (ref: https://www.emsdiasum.com/docs/technical/datasheet/14300).

Semithin sections (0.5–0.6 μm) were stained with toluidine blue (1%, pH 8.3) and were observed using an Olympus VF120 microscope at the Central Services for Research (SCAI) of the University of Málaga. Ultrathin sections (0.1 μm), from the specimens fixed in glutaraldehyde, were examined with a Thermofisher Scientific Tecnai G2 20 Twin, at the ICTS “NANBIOSIS” U28 unit of the IBIMA Plataform BIONAND, Málaga.




2.2 EDX analysis of the bacteria

We tested the mapping of different elements present in the bacteria together with the spectrum of the elements present inside the electron-lucent and electron-dense granules. For this, ultrathin sections (~100 nm) were observed using a Scanning Transmission Electron Microscopy (TEM-STEM) FEI Talos 200X with Energy Dispersive X-ray analysis (EDX system), from the SCAI of the University of Malaga.




2.3 Procedure for scanning electron microscopy

Specimens for SEM were critical-point CO2-dried and sputter-coated with gold. The specimens were observed with an EM JEOL JSM-840 from the SCAI of the University of Malaga.




2.4 DNA extraction and sequencing by Illumina Miseq technology

Gills were excised from 5 individuals preserved in molecular-grade ethanol. Samples were previously washed in filtered (0.22 mm) and sterilized seawater and total genomic DNA was extracted using the DNeasy Tissue Kit (Qiagen Japan, Tokyo, Japan). Total DNA was resuspended in 100 μL TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH 8.0) and stored at 4°C. DNA is quantified by spectrophotometer (NanoDrop ND-1000) and the ratio of absorbances 260:280 and 260:230 is used as a measure of the quality of DNA extraction. For the amplification of host mitochondrial DNA (COI) (Folmer et al., 1994) and bacterial DNA (SSU 16S rRNA), specific primers were used (Klindworth et al., 2013; Abellan-Schneyder et al., 2021).

PCR amplification for COI-DNA barcoding analysis was performed in 50 μl of reaction volume with 1.25 units of GoTaq® G2 Flexi DNA polymerase 5 u/μl (Promega, Wisconsin, USA), 0.2 mM each dNTP, 0.2 μM of primers LCO1490 (5’ GGTCAACAAATCATAAAGATATTGG 3’) and HCO2198 (5’ TAAACTTCAGGGTGACCAAAAAATCA 3’) (Folmer et al., 1994) targeting the COI gene and less than 0.2 μg of template DNA. PCR reactions were heated 3 min. at 95°C, followed by 35 cycles (1 min. at 95°C; 30 secs. at 54°C, 1 min. at 72°C). DNA sequencing was performed bidirectionally by using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and the same primers as used in the amplification reaction in an ABI PRISM 3100 genetic analyzer (Applied Biosystems).

To analyze the microbial communities present on gills, PCR amplification was performed from the purified total DNA sample using the repliQa Hifi ToughMix (Quantabio) and primers IlluAdp_16S_Forward-341F (5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG3’) and IlluAdp_16S_Reverse-785R (5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC3’) targeting the V3–V4 variable regions of the 16S rRNA gene. The amplification conditions were: 35 cycles (30 secs. at 95°C; 30 secs. at 57°C, 1 min. at 72°C). Agarose gel electrophoresis confirmed a unique band. Quantification was done with Qubit 2.0 fluorometer and Qubit dsDNA BR kit and DNA was purified with Sera-Mag Select ™ (Cytiva). Library was prepared according an in house protocol of Stabvida based on Illumina 16S Metagenomic Sequencing Library preparation protocol (15044223 Rev. B). Library concentration was 21.8 ng/ul. Libraries were further sequenced by NGS in an Illumina MiSeq platform using MiSeq Reagent Kit V3 and 300 bp paired-end at StabVida.

Raw read sequences of the 16S rRNA gene from gills of Kelliella miliaris in this study are publicly available in the NCBI SRA repository within BioProject PRJNA1229195, with BioSample accession number SAMN47125445.




2.5 Bioinformatic analysis

The analysis of the raw sequence data was carried out using QIIME2 2024.10. A total number of 128642 reads were obtained. Reads were denoised using the DADA2 plugin from QIIME2. After denoising a total of 239 unique Operational Taxonomic Units (OTUs) were identified. For taxonomical classification, sequences were subjected to taxonomic assignment against the SILVA 16S database (Release 138.2), with 97% 16S similarity as the cutoff and clustered into OTUs. For classification purposes, only OTUs containing at least 10 sequence reads were considered as significant. Non-specific PCR amplicons were eliminated.





3 Results



3.1 Some relevant morphological characteristics of Kelliella miliaris

Clausen (1958), Allen (2001) and Krylova et al. (2018) provided very good descriptions of the shell and soft parts of Kelliella miliaris. Therefore, here we highlight some morphological characteristics that could be relevant to understand more on its biology.

Kelliella miliaris is a minute bivalve with sub-orbicular valves, with an elongate, finger-shaped foot, able to be extended outside the shell and never concealed by the gills when retracted (contrary to the superficially similar Vesicomya atlantica (Smith, 1885)) (Figure 1A). In the dorsal part of this muscular foot there are large fused pedal ganglia to which two statocysts are attached in its dorsal part (Figure 1B). The mantle edges are much thickened, over all in comparison with the thin mantle epithelium, and show many muscular fibers together with a large blood sinus (Figure 1C). The stomach has a gastric shield and a sacciform, open compartment with secreting cells, which corresponds to the style-sac, not clearly differentiated from the midgut in this species, as already noted by Clausen (1958) (Figure 1D). Inside the stomach it is possible to see different types of organisms, such as bacteria, diatoms, among others, pointing a heterotrophic feeding (Figure 1E). In transversal semithin sections, it was possible to observe female follicles with oocytes at different developing stages at the lateral sides of the visceral mass (Figure 1D). We have seen spermatozoids inside the gonad, which would confirm an internal fertilization in this species (Figure 2A). However, the presence of protoconch I and protoconch II would indicate a larval planctotrophic development (Figure 2B).


[image: ]

Figure 1 | (A) View of one specimen of Kelliella miliaris embedded in spur resin. (B) Semithin transversal section showing part of the foot (f), with the large fused pedal ganglia (g) and the statocists (st); the arrow shows one of the statoliths. (C) Semithin transversal section of the very large mantle edge (me) -in comparison with the mantle (m)- showing a large hemocelic sinus (h) and the periostracum (p) emerging between the outer and middle mantle folds. (D) Semithin transversal section showing part of the stomach (sto) and the style sac (ss). (E) Semithin transversal section showing part of the stomach (sto) with different organisms, among them a possible protozoan (arrow).




[image: ]

Figure 2 | (A) Transmission Electron Microscope (TEM) view of a spermatozoid found inside the female gonad. (B) Scanning Electron Microscope (SEM) view of the protoconch I (pr I), protoconch II (pr II) and disoconch (dis) of Kelliella miliaris, indicative of a planktotrophic development.



The gills have two symmetrical ctenidia that practically cover the visceral mass at both sides (Figure 1A). Each ctenidium consists of a large inner demibranch and a small outer demibranch placed in the posterior third of the inner one. Each demibranch presents a descending and an ascending lamella without interlamellar junctions. These gills are homorhabdic -with gill filaments arranged in a flat, uniform series- like those found in Donax faba, according to the classification of Ridewood (1903).

In relation to body size, gill filaments are large and numerous, mainly in the large inner demibranch. The gill filaments have long cilia (Figure 3A). There are bunches of muscular fibers connecting with the filament at the proximal abfrontal area (Figure 3B). The cilia are present on either side of the filament section, connecting one filament with the next, and together with cirri on the frontal cells facing outside the demibranch (Figure 3A). The cirri in the frontal and lateral-frontal zones are long; the frontal cells present also microvilli (Figure 3C). The lateral cells are cuboidal, but sometimes tends to have a more globular shape, and show numerous mitochondria together with long cilia and microvilli (Figures 3D, E). Between the lateral-frontal cirri and the lateral ciliate cells there are several globular cells devoid of cilia but with long microvilli (Figure 3F).


[image: ]

Figure 3 | (A) Transmission Electron Microscope (TEM) view of a gill filament (gf) showing the long lateral cilia (ci), frontal cirri (cir) and the large hemocelic sinus (h). (B) TEM view of part of the gill filament (gf) with the hemocelic sinus (h) connected to a bunch of muscular fibers (mu). (C) Frontal TEM view of a gill filament showing a group of bacteria (b) near the frontal cirri (cir); it is possible to see part of the long lateral cilia (ci). (D) TEM view of a group of bacteria (b) located between the frontal cirri (cr) and the long lateral cilia (cir). (E) Scanning Transmission Electron Microscope (TEM-STEM) view of the lateral ciliate cell showing the cilia (ci), the nucleus (nu) and numerous mitochondria (mi); some nuclei from the abfrontal cells are visible. (F) TEM view of the abfrontal and globular cells (gc) located between the lateral ciliate cells and the frontal cells. These globular cells present only microvilli.






3.2 COI-based analysis of host

Sequence analysis of the mitochondrial cytochrome c oxidase subunit I (COI) gene (GenBank: PV147183) from the gill tissue sample revealed 100% identity with previously published sequences of Kelliella miliaris from the North Sea (GenBank accession numbers MF542321, OQ053061, OQ053062 and OQ053063 by Krylova et al., 2018).




3.3 Bacteria in the gills

We have observed in all the specimens examined the presence of rod shaped bacteria among the long lateral cilia, the frontal cilia and cirri and between the frontal-lateral cirri and the lateral cilia (Figures 4A–E). Bacterial symbionts were usually small (ca. 1 µm long and ca. 0.5 µm wide), with the typical double membrane of Gram-negative bacteria (Figures 4F, G).
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Figure 4 | (A) Semithin transversal view of two gill filaments showing groups of bacteria (b) in the frontal and lateral sides. (B) Transmission Electron Microscope (TEM) view of a gill filament (gf) showing a group of bacteria (b) between the long lateral cilia (ci). (C) TEM view of groups of bacteria (b) in the frontal and lateral cilia (ci) of a gill filament. (D, E) Detail of groups of bacteria (b) trapped in a glycocalix network (gl) between the cilia (ci). (F) TEM view of bacteria showing the double membrane and the electron-lucent and electron-dense granules. (G) TEM view of one isolated rod shaped bacterium showing two electron-lucent granules and one electron-dense granule. (H) Group of bacteria inside the cytoplasm of a microvillous (mv) abfrontal cell, one of them in process of division (arrow). There is also a group of bacteria in process of entering in another cell. (I) TEM view of some bacteria (b) inside a microvillous frontal cell.



Bacteria were also found inside the globular abfrontal cell, adjacent to the lateral ciliate cell. The bacteria were free in the cytoplasm and not inside vacuoles or bacteriocyte (Figure 4H). Some bacteria were in a process of division inside this abfrontal cell (Figure 4H: arrow). Isolated bacteria were found also inside the frontal cells (Figure 4I). We have estimated the density of bacteria within the lateral ciliate area and the frontal area of the filaments, taking into account all the ultrathin sections analyzed in TEM. An average density of 58.25 bacteria by µm2 was found in the lateral areas, and of only 6.1 bacteria by µm2 in the frontal area. The number of bacteria inside cells ranges from 3 to 7.

The bacteria appeared in group inside a glycocalix network that is secreted by the microvilli of the lateral and frontal cells (Figures 5A–F). Figure 5G shows the microvilli and Figures 5H, I the secretion of numerous vesicles. The absence of concentric stacks of intracellular membranes in their cytoplasm indicates that these symbionts are not methanotrophic bacteria (Figures 4F, G). All the above data point a symbiotic relationship between Kelliella miliaris and the bacteria. Although there are some bacteria inside the abfrontal and frontal cells, we consider this to be an ectosymbiosis because most of the bacteria were trapped by a glycocalix network among the cilia.
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Figure 5 | (A-C) Transmission Electron Microscope (TEM) views of groups of bacteria (b) trapped in a glycocalix network (gl) between the cilia (ci) of the gill filaments. Arrows point to some electron-dense granules. (D-F) Scanning Transmission Electron Microscope (TEM-STEM) views of groups of bacteria (b) in the glycocalix network (gl), some of them showing electron-lucent granules, which correspond to the electron-dense granules in TEM. (G) TEM-STEM view of the microvilli (mv) from the abfrontal globular cells. (H) TEM view of the intense secretion of vesicles (ve) and glycocalix (gl) from the microvilli of the gill filament cells. (I) TEM view with intense secretion of vesicles and glycocalix from same section as H.



The bacteria showed one large or several smaller and exocentric electron-dense granules, and few electron-lucent non-membrane bound granules in TEM views (Figures 5A-C), which in TEM-STEM views appeared respectively as electron-lucent or electro-dense (Figures 5D-F, 6A). To check if these granules could be sulfur granules, common in some vent and seepage bacteria from reducing sulfidic environment, we have performed by TEM-EDX a mapping and spectrum of the main elements present in them. The EDX analysis of the electron-dense granules (lucent in TEM-STEM views) showed that there is no carbon in these granules (Figures 6B-G, I). The main elements were: oxygen, phosphorus, lead, sulfur and nitrogen (Figure 6I). Oxygen is the most abundant element, showing the greatest peak in the spectrum, followed by phosphorus and lead; the sulfur peak appears inside the large peak of the lead, but the mapping showed abundant sulfur inside the black granules. Finally, nitrogen is the other element present inside the electron-dense granules. In the electron-lucent (electron-dense in TEM-STEM views) small granules (Figure 6H) the spectrum of their content (Figure 6J) showed the nearly absence of sulfur in these granules (Table 1).
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Figure 6 | (A-G) Energy Dispersive X-ray analysis on Scanning Transmission Electron Microscope ultrathin sections of bacteria (TEM-STEM-EDX) for mapping the main elements present in the bacteria, particularly in the electron-lucent (electron-dense in TEM view) granule (elg): S, sulfur; P, phosphorus; O, oxygen; N, nitrogen; Pb, lead. (H) Scanning Transmission Electron Microscope (TEM-STEM) view of an electron-lucent granule (electron-dense in TEM). (I) Spectrum of an electron-lucent granule (electron-dense in TEM). (J) Spectrum of an electron-dense granule (electron-lucent in TEM). Most of the conspicuous peaks denote elements used in the fixation process (uranyl U, osmium Os and lead Pb) or the grid (copper Cu).




Table 1 | Comparison of the main elements mapping with electron dispersive X-ray analysis in the electron-lucent and electron-dense granules of the bacteria (from TEM-STEM view).






3.4 Taxonomic composition of bacteria in the gills from Kelliella miliaris

Figure 7 shows the taxonomic composition of the bacteria from the gills of Kelliella miliaris.
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Figure 7 | Microbial communities at Phylum (A), Class (B) and Order (C) level identified by sequencing of DNA bacterial from excised gills of Kelliella miliaris.



The predominant Phylum detected in the sample was Pseudomonadota (55.76% of total reads) (Figure 7A), of which the class Gammaproteobacteria constituted 53.69% (Figure 7B). The other two more abundant phyla are Bacteroidota (19.67%) (Figure 7A), all of which belong to the class Bacteroidia 19.67% (Figure 7B), and Bacillota (19.27%) (Figure 7A), most of which belong to the class Clostridia (18.74%)(Figure 7B). Regarding the Order, Enterobacterales (34.86%), Pseudomonadales (18.74%) are the most abundant within Gammaproteobacteria; Chitinophagales (19.43%) is almost all the Bacteroidia and Peptostreptococcales (exTissierellales) (18.54%) constituted the main taxonomic group in the class Clostridia (Figure 7C).





4 Discussion

Chemosynthetic symbiosis occurs ubiquitously at oxic-anoxic interfaces in marine environments, although this type of symbioses is mainly related to reducing habitats, such as hydrothermal vents, cold seeps, whale falls o deep sunken wood (Duperron, 2010). There is also symbiosis in other habitats, such as the oxygen minimum zone of the oceans, where the presence of bacteria were found in the protobranchiate bivalves Nucinella owenensis Oliver and Taylor, 2012 and Huxleyia habooba Oliver and Taylor, 2012 (Oliver and Taylor, 2012); ectocommensal species, such as the bivalve Syssitomya pourtalesiana, which lives on the spines in the anal zone of the deep-sea echinoid Pourtalesia (Oliver et al., 2013) or shallow-water, low sulfidic environments, where symbiosis was found in the platyhelminths Paracatenula spp., gutless oligochaetes or nematodes (Dubilier et al., 2008; Nussbaumer et al., 2004). Austrogena nerudai Krylova, Sellanes, Valdes, D’Elias, 2014 is a vesicomyid from a restricted area within the benthic realm delimited by the oxygen minimum zone (OMZ) off the south-central Chilean margin (Krylova et al., 2014), where only juveniles were found alive, while all the adults were dead. According to these authors, pliocardiines have not been previously reported from OMZ, however it is quite probable that some species as ‘Vesicomya’ indica Smith, 1904, ‘Vesicomya’ brevis Smith, 1906 and ‘Vesicomya’ cretacea Smith, 1906, described from the bathyal depths of the Arabian Sea and the Bay of Bengal, were actually associated with OMZ. There were no recorded cases of specialized adaptations for different types of reducing environments among pliocardiines, although the authors considered that the metabolism of the species must be related with sulfide cycle, they did not show any images of bacteria inside the gills or sequence documenting their presence.

According to Childress and Girguis (2011), moderate to high rates of chemoautotrophic or methanotrophic metabolism is more demanding for symbiotic hosts in terms of oxygen uptake and proton equivalent elimination, compared to related non-symbiotic annelid, bivalve and gastropod lineages. The high oxygen demand of these symbionts is perhaps the most limiting factor in the pathway to a symbiotic condition. Among the consequences of such demands is the widespread occurrence of circulating and/or tissue haemoglobins in the hosts, to support high metabolic rates in thioautotrophic endosymbiosis. The latter is still more limiting in the oxygen minimum zone, where the oxygen is in short supply.

The microbial symbiotic assemblage has two main constraints in the OMZ, the low level of oxygen with irregular distribution between layers and deeps and along the OMZ and the maintenance of enough input of sulfur. The presence in the NW Arabian Sea OMZ of five species usually associated with chemosymbiotic bacteria (one Lucinoma sp and four Thyasira spp.) (Levin et al., 2000; Dufour, 2005; Taylor and Glover, 2006) would point that both elements are present and with enough amount to maintain a chemosymbiotic relationship. Probably their localization between the cilia of the gill filaments would be adaptive to obtain more easily oxygen and sulfur from the OMZ seawater.

The studied specimens were collected on the edge of the continental shelf of the Bay of Malaga, between 90 and 124 m depth and in the bathyal of Gulf of Cádiz, at 735 m depth, all of them on muddy bottoms. Sequence analysis of the mitochondrial cytochrome c oxidase subunit I (COI) gene (GenBank: PV147183) from the gill tissue sample revealed 100% identity with previously published sequences of Kelliella miliaris from the North Sea (Krylova et al., 2018), which confirms the conclusion based on morphology (Utrilla et al., 2024) that there is only one species of Kelliella (K. miliaris) from Norwegian Sea to the Mediterranean Sea.

Along the littoral of Malaga there are several upwellings of deep Mediterranean water before the strait of Gibraltar. These upwellings carry oxygen and nutrients to the surface, leaving a low oxygen level near the bottom. The specimens of K. miliaris from the Gulf of Cadiz were collected in a deep muddy bottom, in the pathway of the Mediterranean Outflow Water, with usually low level of oxygen near the bottom. The presence of bacteria in the gills of Kelliella miliaris highlights the importance of the symbiosis in oxygen minimum zones of the oceans that has been probably overlooked up to now.

The association of chemosynthetic bacteria with at least seven metazoan phyla (Porifera, Platyhelminthes, Nematoda, Mollusca, Annelida, Arthropoda and Echinodermata) suggests that chemosynthetic symbioses have evolved several times (Dubilier et al., 2008). In Mollusks, chemosynthetic symbiosis have been observed in Solenogastres (Katz et al., 2006), Gastropods (Bates, 2007; Goffredi et al., 2004; Urakawa et al., 2005; Suzuki et al., 2006 and references therein) and Bivalves, where many species contain chemosynthetic bacteria (Dufour, 2005; Dubilier et al., 2008; Taylor and Glover, 2010). Likewise, the ability to associate with chemosynthetic bacteria is a recurring feature in the evolution of bivalves, since it has appeared independently in seven families, Mytilidae, Vesicomyidae, Solemyidae, Lucinidae, Thyasiridae, Nucinellidae and Lasaeidae (Southward, 1986; Dufour, 2005; Dubilier et al., 2008; Duperron et al., 2013; Taylor and Glover, 2010; Oliver and Taylor, 2012; Oliver, 2012) and from different habitats.

The chemosynthetic bacteria can be: (1) epibionts or ectosymbiotic, living outside the host's gills, mouth parts, body surface, among others (Dufour, 2005); (2) endobionts or endosymbiotic, which can be extracellular, such as found in the gutless oligochaetes, in which the bacteria appeared below the cuticle of the body wall, or intracellular, such as found in many bivalves (Dubilier et al., 2008). In most of the studied chemosynthetic species of bivalves, the bacteria live inside the abfrontal gill cells, usually within bacteriocytes, however in Thyasiridae (Dufour, 2005) or some Mytilidae (Gros and Gaill, 2007), the bacteria live among the cilia, near the microvilli of the gill cells, as ectosymbionts. As general rule, there is one type of symbiont by species, usually thiothophs, but in the deep-sea mussels Bathymodiolus azoricus Cosel & Comtet, 1999, Bathymodiolus puteoserpentis Cosel, Métivier & Hashimoto, 1994 and Bathymodiolus brooksi Gustafson, Turner, Lutz & Vrijenhoek, 1998 there is a dual symbiosis (thiotrophs and metanotrophs) in the same bacteriocyte (Fisher et al., 1993; Distel et al., 1995; Duperron et al., 2005, 2006); in Bathymodiolus heckerae Turner, Gustafson, Lutz & Vrijenhoek, 1998 there are four symbionts (two thiotrophs, one metanotroph and one bacterium related with free-living methylotrophs) (Duperron et al., 2007) and in the cold seep mussels Idas sp., six bacterial symbionts coexisting in the same bacteriocyte were found (Duperron et al., 2008).

As expected in filter-feeding and heterotrophic feeding organisms, a wide diversity of bacterial species was found (Figure 7). The most abundant Class in the gill filaments of K. miliaris was Gammaproteobacteria, with 53.69% of total reads, which suggests that a gammaproteobacterium, probably from the order Enterobacterales, with 34.86% of the total reads, would be the dominant gill ectosymbiont of K. miliaris. Most of the previously analyzed chemosynthetic symbionts from bivalves cluster within the single bacterial Class of the Gammaproteobacteria, on the basis of 16S rRNA gene sequences (Distel and Cavanaugh, 1994).

The lack of concentric stacking of intracellular membranes in the cytoplasm of the bacteria trapped between the cilia of the gill filaments reveals they were not methanotrophic, while the presence of sulfur in the electron-dense granules (in TEM views), or electron-lucent (in TEM-STEM view), in these bacteria would indicate some involvement of the bacteria in the sulfur cycling. The peaks of oxygen and phosphorous in theses electron-dense granules could indicate in part polyphosphate compounds as described in the bacteria from Riftia pachyptila tube wall (Lechaire et al., 2002; Gros and Gaill, 2007), but also could point them as autotrophic sulfide-oxidizing bacteria. In the chemosynthetic symbioses, the symbionts need access to a terminal electron acceptor that, in the process of sulfur or methane, may be oxygen (oxic conditions) or a molecule like nitrate (anoxic conditions) (Roeselers and Newton, 2012). The great peak of oxygen of the electron-dense granules points to that part of the oxygen could be electron receptor. Thioautotrophic symbionts are the most common type in Bivalvia and are found in bathymodioline mussels as well as solemyid, thyasirid, lucinid, and vesicomyid clams (Cavanaugh et al., 2006).

The functionality of the chemosynthetic symbioses relies on both the availability of substrates for chemosynthetic metabolism and the existence of particular metabolic pathways in the symbiont to utilize those substrates. There is a link, therefore, between geochemistry and the type of symbiosis that can colonize a particular environment (Roeselers and Newton, 2012). According to these authors, apart from the sequencing, single-cell methods that combine imaging techniques with other type of analysis, such as metabolic ones which allow the visualization of uptake or/and distribution of substrates, would be interesting. In this way, the EDX analysis carried out by the TEM-STEM TALOS microscopy (Figure 6) shows for the first time the distribution of the environmental elements, among them sulfur and oxygen, in the symbiont bacteria as well as their amount.

Childress and Seibel (1998) proposed three possible physiological adaptations of the organisms to the OMZs: (1) the development of mechanisms for highly effective capture of oxygen from water. In relation to this adaptation, increase of the size and/or number of gills has been observed in polychaetes, crustaceans and mollusks; for example the chiton Leptochiton laurae Schwabe & Sellanes, 2010 from the OMZ in Chile exhibits enhanced numbers and size of ctenidia (Gooday et al., 2010). Some groups, such as fishes, crustaceans, mollusks or polychaetes, have specialized circulatory systems in addition to developed respiratory systems which offer possibilities for adaptations to OMZs (Levin, 2003). (2) the reduction of metabolic rates or (3) the use of anaerobic metabolism to make up the difference between aerobic capacity and total metabolic demand. Reduced body size and/or flattened tests, which both lead to an increase in the surface area-to-volume ratio, are also typical feature of some OMZ metazoan macrofauna and hypoxia-tolerant foraminiferal species, respectively (Levin, 2003; Gooday et al., 2010).

Kelliella miliaris shows different morphological characteristics that would be adaptive for living in OMZ, such as: (1) presence of numerous muscular fibers in the mantle, mantle edge and gills-visceral mass connection; all of which would allow to actively move the gills and/or enable a better control of the ventral opening in relation to vertical movements of the animal; (2) high number (in relation to body size) and large size of gill filaments, mainly in the large inner demibranch; and (3) long cilia which would provide a large surface for capture of oxygen and a highly effective uptake of oxygen from water. The presence of large blood sinus in the mantle edge could be related to the capture of the oxygen by the blood pigment, which probably was haemoglobin.

We have no data on the putative metabolic reduction or anaerobic metabolism in K. miliaris, but the presence of symbiosis with Gram negative Gammaproteobacteria involving in sulfur cycling would point that there must be a sulfidic environment. According to Brissac et al. (2011) the large electron-lucent periplasmic “vacuole” observed by TEM in the symbionts present in Thyasira sp. would be sulfur granule, like those frequently present in most sulfur-oxidizing bacteria. However, in the electron lucent granules (TEM view) of the bacteria found in K. miliaris, the amount of sulfur was minimum, while the higher amount of sulfur was found in the electron-dense granules (TEM view) or electron-lucent (TEM-STEM view).

The reduced sulfur compound hydrogen sulfide is extremely toxic to animals as it poisons cytochrome c oxidase and arrests aerobic respiration. In the case of the symbiotic mollusks, they typically oxidize sulfide to thiosulfate to reduce toxicity, and their symbionts can use thiosulfate as a reductant (Childress and Girguis, 2011). Our hypothesis is that the peak of oxygen in the electron dense and electron lucent granules of the bacteria would indicate the use of part of this oxygen to oxidize sulfide to thiosulfate. Therefore, the presence of sulfur-oxidizer bacteria in the large gills of K. miliaris would be an adaptation to eliminate the environmental toxic hydrogen sulfide that is usually present in the OMZ. However, future experiments (e.g. metagenomic analysis or enzymatic assays, among others) would be necessary to test this hypothesis.

Kelliella miliaris presents a well-developed stomach with a gastric shield and style sac diverticula, not separate from the mid gut and in which intense secretion by microvilli has been observed by transmission electron microscopy. The presence of different microorganisms inside the stomach, indicates suspension feeding, in agreement with Krylova et al. (2018), who suggested heterotrophy, after analyzing the stable δ13 C and δ15 N isotopic composition of K. miliaris, that they found similar to that of Vesicomya.

All our analyzed specimens were females, with developing oocytes at different degree of maturation. The follicles were located lateral to the digestive tract in the semithin sections. The presence of spermatozoids inside the female gonad, points to an internal fertilization. The latter would be an adaptation to ensure offspring in a minute species with a relatively low number of oocytes, similarly to the small astartid Digitaria digitaria (Marina et al., 2020). The protoconch of K. miliaris, with differentiated protoconch I and protoconch II, indicates planktotrophic larval development. The latter could favor the evasion of the larvae from the bottom reducing environment, which would be dangerous for the development of the protoconch.
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