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In deep-sea hydrothermal vents and hydrocarbon seeps, chemoautotrophic bacteria use chemical substances as energy resources for primary production, ultimately supporting dense communities of megafauna, including charismatic giant vesicomyid clams. These clams inherit their endosymbionts from their parents and house them intracellularly in their gills. How these organisms maintain their unique symbiotic relationship at the cellular level, however, remains largely unclear. In the present study, transcriptomes of different organs in Phreagena okutanii collected from a hydrothermal vent and in Archivesica marissinica collected from a methane seep were sequenced in order to decipher their host–symbiont relationships. Expressional analyses of the transcriptomes showed that the tricarboxylic acid (TCA) cycle-related genes, the Rab gene family, and the lysozyme genes were highly expressed in the gills. Furthermore, genes related to vesicle trafficking, lysosomes, and mitochondrial and energy metabolism were positively selected. The endosymbiont genes involved in sulfur oxidation, oxidative phosphorylation, and adenosine triphosphate (ATP) synthesis were highly expressed. The results suggest that the vesicomyid clams provide intermediates to fulfill the metabolic needs of their endosymbionts, and in return the endosymbionts actively generate nutrients for the hosts through being digested by the lysozymes of the host. Furthermore, the positive selection of genes related to vesicle trafficking, lysosomes, and mitochondrial and energy metabolism indicates molecular adaptations of the host in order to benefit from symbiosis. Overall, the present study provides the first set of transcriptomes for deep-sea chemosymbiotic vesicomyid clams, facilitating a better understanding of the host–symbiont relationship that has allowed them to become dominant animals in deep-sea hydrothermal vents and cold seeps.
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INTRODUCTION

Deep-sea hydrothermal vents and methane seeps are environments characterized by high hydrostatic pressure, high and variable temperatures compared with those of the surrounding seafloor, and high concentrations of hydrogen sulfide, methane, and heavy metals (Van Dover, 2000; Levin, 2005). These habitats often support chemosynthesis-based ecosystems dominated by megafauna that host symbionts and rely on chemosynthetic bacteria to help them utilize chemical energy derived from various reduced substances such as hydrogen sulfide and methane (Sibuet and Olu, 1998). Illuminating host-symbiotic relationships in holobiont animals living in these ecosystems can provide fundamental knowledge of biological adaptation to these “extreme” deep-sea habitats.

Vesicomyid clams in the subfamily Pliocardiinae host symbionts and are often dominant in both vents and seeps across the global oceans (Sibuet and Olu, 1998). Like other chemosynthetic holobionts, endosymbiotic bacteria provide the hosts with energy and nutrients (Newton et al., 2008). Some holobiont taxa inhabiting vents and seeps, such as mussels and tubeworms, take in free-living bacteria from their ambient environment each generation in a process called horizontal transmission that is independent of the reproduction of the host (Won et al., 2003; Nussbaumer et al., 2006; Funkhouser and Bordenstein, 2013). In contrast, vesicomyid clams inherit the symbionts from their parents, a process referred to as maternal or vertical transmission (Bright and Bulgheresi, 2010; Funkhouser and Bordenstein, 2013; Ozawa et al., 2017). Although host switching or horizontal transmission may occasionally occur in some vesicomyid clams (Stewart et al., 2008; Decker et al., 2013; Ozawa et al., 2017), maternal transmission is the predominant way for symbiont acquisition. Previous studies have revealed approximately 400 sulfur-oxidizing bacterial cells extracellularly attached to the outer surface of each egg spawned by Phreagena okutanii (originally described as Calyptogena okutanii by Kojima and Ohta, 1997), indicating the transmission of symbiotic bacteria via eggs from the parent to their offspring (Ikuta et al., 2016). It is essential for these megafauna to adopt a mutualistic relationship with their symbionts acquired through either horizontal or vertical transmission mode in order to maintain fundamental metabolism. For example, Bathymodiolus mussels are likely to utilize the lysosomal enzymes to digest the symbiont to obtain nutrients (Ponnudurai et al., 2017). Meanwhile, symbionts require the host to deliver oxygen, hydrogen sulfide and other intermediates to live an intracellular life and synthesize nutrients for their host (Flores et al., 2005).

Large, symbiont-hosting vesicomyid clams are capable of taking up water and hydrogen sulfide through their foot inserted into the sediment (Ohishi et al., 2016). Dense populations of symbiotic bacteria have been observed in bacteriocytes in the gill epithelium cells of the inner zone of gill filaments (Fiala-Médioni and Métivier, 1986). These endosymbionts are thioautotrophic bacteria capable of utilizing hydrogen sulfide as the main energy source (Ohishi et al., 2016). These clams have a highly reduced and functionally rudimentary digestive system (Van Dover, 2000) and rely heavily on the organic carbon and nutrients provided by the endosymbionts (Fiala-Médioni and Métivier, 1986; Barry et al., 1997; Ohishi et al., 2016).

The genomes of two species of thioautotrophic bacterial symbionts from two species of vesicomyid clams have been reported (Kuwahara et al., 2007; Newton et al., 2007). For example, both species of bacteria have complete pathways for metabolizing sulfur and for synthesizing essential amino acids, vitamins, and cofactors, but neither possesses transporter genes for exporting nutrients to their host or genes involved in the tricarboxylic acid (TCA) cycle (Kuwahara et al., 2007; Newton et al., 2007). These symbionts also lack the ftsZ gene encoding a circumferential ring to separate cells from one another during the cell division process, suggesting that they may have an unusual proliferation mechanism (Newton et al., 2007). How these symbiotic bacteria survive with an incomplete TCA cycle and how they provide nutrients to their host without transporters remain unknown (Kuwahara et al., 2007; Newton et al., 2007). Furthermore, the genetic adaptation of the host or host–symbiont interactions is largely unclear, particularly from the host’s perspective, due to the lack of genomic information of the host.

Genomes or transcriptomes of several deep-sea tube worms and mussels have recently been sequenced (Li et al., 2015, 2017; Sun et al., 2017). The results of both gene expression and positive selection provide a better understanding of the possible mechanisms of molecular adaptation behind developing and maintaining endosymbiosis as well as host–symbiont relationships in the horizontal mode of transmission (Sun et al., 2017). Transcriptomic information coupled with gene expression and positive selection analyses can provide a better understanding of the host–symbiont interactions in vesicomyid clams transmitting symbionts vertically. Therefore, in the present study, we sequenced the transcriptome of two vesicomyid clams, Phreagena okutanii (Kojima and Ohta, 1997) from a hydrothermal vent and Archivesica marissinica (Feng et al., 2018) [originally described as “Calyptogena” marissinica C. Chen et al. (2018)] from a methane seep (Chen et al., 2018), and compared their transcriptomes with those of shallow-water clam species. Further analysis of the gene expression pattern and genes under positive selection enhanced our understanding of host–symbiont interactions in vesicomyid clams.



MATERIALS AND METHODS


Sample Collection, RNA Extraction, and Sequencing

A Phreagena okutanii individual was collected by the remotely operated vehicle (ROV) KAIKO with vehicle Mk-IV from a hydrothermal vent of the Sakai hydrothermal field (21°31.4749′ N, 126°59.021′ E) (Nakamura et al., 2015), Okinawa Trough at a depth of 1,550 m during the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) R/V Kairei cruise KR15-17 in November 2015 (with Hiroyuki Yamamoto as the principal investigator). An Archivesica marissinica individual was collected by the ROV Haima from a methane seep at a depth of approximately 1,400 m on the northwestern slope of the South China Sea in March 2016 (see Figure 1 in a previous study (Liang et al., 2017) for the sampling location). The gills and mantle of P. okutanii and the gills, adductor muscle, foot and mantle of A. marissinica were dissected, separately fixed in RNAlater (Invitrogen, United States), and stored at −80°C until use. The tissues were ground in TRIzol reagent (Invitrogen, United States) to extract the total RNA following the manufacturer’s instructions. The tissues were lysed by adding 0.2 volume chloroform to the TRIzol mixture. After centrifuging the mixture to obtain the aqueous phase, the RNA was recovered by isopropanol precipitation. The RNA pellets were resolved in DEPC (diethyl pyrocarbonate) water and stored at −80°C until cDNA synthesis. For the total RNA of the gills of A. marissinica, the rRNA from the host and the symbionts were first removed with the Ribo-ZeroTM Magnetic Kit (Human/Mouse/Rat) (Epicenter, United States) and the Ribo-ZeroTM Magnetic Kit (Bacteria) (Epicenter, United States) following the manufacturer’s protocols. Then the remaining RNA was used to synthesize cDNA. The mRNA of other tissues was enriched by using Oligo-dT probes to construct cDNA libraries. The cDNA was synthesized by sequentially generating first-strand cDNA and second-stand cDNA using random primers reverse transcription. The synthesized cDNA was further used to generate sequencing library through end-repair, 3′ adenylated, ligation to the sequencing adaptors and PCR amplification for an Illumina HiSeq 4000 platform. The host species were determined based on morphological characteristics and cox1 sequences assembled using transcriptome sequencing data (Fujikura et al., 2012; Chen et al., 2018).
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FIGURE 1. Gene ontology distribution of BLASTp hits from the predicted protein sequences of Phreagena okutanii (solid) and Archivesica marissinica (open). The left and right y-axis show the percentage and number of genes classified into different gene ontology items, respectively.




Data Cleaning and de novo Assembly

Trimmomatic version 0.35 (Bolger et al., 2014) was used to remove adaptors and low-quality bases using the following settings: ILLUMINACLIP: Truseq3-PE-2.fa:2:30:10, LEADING: 3 TRAILING: 3, SLIDINGWINDOW: 4:15, and MINLEN: 36. Subsequently, the clean reads of all organs from each species were combined and used to de novo assemble the transcriptome of P. okutanii and that of A. marissinica, using Trinity version 2.4.0 (Haas et al., 2013) with the default settings.



Functional Annotation and Identification of Highly Expressed Genes

To assess the expression levels of the transcripts, mapped reads were normalized to transcripts per million (TPM) values using Salmon version 0.7.2 with quasi-mapping settings (Patro et al., 2017). In fact, TPM values were calculated twice. For the first calculation, all reads were mapped to the assembly sequences in order to obtain accurate and non-redundant (NR) transcripts. But for the second calculation, the reads of each tissue were separately mapped to the clean transcripts with an open reading frame to quantify the gene-level abundance of each gene in each tissue. In detail, to remove the assembly error, the transcripts with a TPM value below 0.1 were eliminated as in our previous studies (Lan et al., 2017, 2018). The isoforms with the highest TPM value were retained to predict genes. CD-HIT-EST version 4.6 (Li and Godzik, 2006) was further used to remove the redundant transcripts with a sequence similarity of 95%. The coding DNA sequences and proteins of the remaining NR transcripts were predicted using TransDecoder version 3.0.11. The translated protein sequences were then searched against the NCBI NR protein database using BLASTp version 2.2.31 with an E-value threshold of 1 × e–5 and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using the KEGG Automatic Annotation Server (KAAS) with the bi-directional best hit method (Moriya et al., 2007). The KEGG mapper was used to reconstruct the pathway with KEGG Orthology assignments. The gene ontology (GO) items of the sequences were determined with Blast2GO version 4.1.9 (Conesa et al., 2005) according to their NR hits and were further used to plot the GO distribution using WEGO version 2.0 (Ye et al., 2018).

To separate the gill mixed reads of the endosymbionts and the host, their gill mixed transcripts were first separated so that the endosymbiont transcripts could be used as references. In detail, MEGAN5 (Huson et al., 2016) was used to classify the mixed transcripts of the holobiont according to the annotation results from taxonomy NCBI databases. The mixed reads were then mapped to the isolated endosymbiont transcripts as well as the coding DNA sequences of Candidatus Vesicomyosocius okutanii (AP009247.1, Kuwahara et al., 2007) using Bowtie2 with sensitive end-to-end settings (Langmead and Salzberg, 2012). The complete genome of Candidatus Vesicomyosocius okutanii from P. okutanii (Kuwahara et al., 2007) was used as an additional reference for isolating the symbiont reads and examining the gene expression of the endosymbionts in A. marissinica. This is because the symbiont of A. marissinica is very closely related to Candidatus Vesicomyosocius okutanii. Species of the symbionts of A. marissinica were determined according to its 16S rRNA gene sequence similarity to Candidatus Vesicomyosocius okutanii from P. okutanii (AP009247.1), which is 94%. Finally, the mapped reads of A. marissinica were determined as the symbiont reads and used to analyze the gene expression levels of its symbionts. The unaligned reads were defined as host reads and used in the gene expression analysis of the host gill.

Since the gill is the organ in which endosymbionts are housed, it is the key organ involved in the host–symbiont interaction. Therefore, we compared the gene expression in the gill against those in other tissues. Genes with a significant fold change value (cutoff = 0.01) as well as a higher TPM value were determined as high expression by using GFOLD version 1.0.8 (Feng et al., 2012). TPM values were normalized for each gene and were then used to plot a heat map in Excel using conditional formatting. To test whether a biological pathway was overrepresented among the highly expressed genes, a hypergeometric test (Falcon and Gentleman, 2008) was performed to enrich the highly expressed genes with KEGG annotation from all the predicted genes with KEGG annotation. If the pathways had false discovery rate (FDR) corrected P-values smaller than 0.05, they were regarded as biological pathways enriched with highly expressed genes. The reads of the symbiont from A. marissinica were mapped to the coding DNA sequences of the symbiont Candidatus Vesicomyosocius okutanii (Kuwahara et al., 2007). The clusters of orthologous groups (COGs) of the protein sequences of Candidatus Vesicomyosocius okutanii were annotated using eggNOG-mapper version 4.5.1 and searched against the eggNOG database (Huerta-Cepas et al., 2016, 2017). The genes with a top 10% of the highest TPM value were regarded as highly expressed genes of the symbiont from A. marissinica.



References for Positive Selection Analysis

To identify the genes as well as their references for positive selection analysis, all available transcriptome and genome datasets of the clams within the order Veneroida were used. The raw reads of the transcriptome of Coelomactra antiquata (marine; Mactridae), Corbicula fluminea (freshwater; Cyrenidae), Eurhomalea rufa (marine; Veneridae), Glossus humanus (marine; Glossidae), Limecola balthica (marine; Tellinidae), Mactra chinensis (marine; Mactridae), Mercenaria mercenaria (marine; Veneridae), Meretrix meretrix (marine; Veneridae), Paphia textile (marine; Veneridae), Ruditapes philippinarum (marine; Veneridae), Saxidomus purpuratus (marine; Veneridae), Sinonovacula constricta (marine; Solecurtidae), and Tridacna maxima (marine; Tridacnidae) downloaded from the NCBI’s Sequence Read Archive (SRA) were trimmed and assembled (see Supplementary Table S1 for the SRA accession numbers). The redundant transcripts were removed, and all remaining transcripts were used to predict open reading frames and translated into protein sequences using the same pipeline as applied to deep-sea clams.

To identify the positively selected genes in the symbiont of endosymbionts of P. okutanii and A. marissinica, almost all genomic resources of sulfur-oxidizing Gammaproteobacteria were used in the positive selection analysis. The references included Allochromatium vinosum (NC_013851.1), the endosymbiont of Bathymodiolus septemdierum (AP013042.1), Candidatus Thioglobus autotrophicus (CP010552.1), Candidatus Thioglobus singularis (CP006911.1), Ectothiorhodospira sp. Strain BSL-9 (CP011994.1), Marichromatium purpuratum (CP007031.1), Thioalkalimicrobium aerophilum (CP007030.1), Thioalkalimicrobium cyclicum (CP002776.1), Thioalkalivibrio nitratireducens (NC_019902.2), Thioalkalivibrio paradoxus (CP007029.1), Thiobacillus denitrificans (NC_007404.1), Thioflavicoccus mobilis (NC_019940.1), Thiolapillus brandeum (AP012273.1), and Thiomicrospira crunogena (NC_007520.2). Their coding DNA sequences were downloaded from the NCBI GenBank and directly used in the subsequent positive selection analysis. The coding cDNA sequence of Candidatus Vesicomyosocius okutanii genome (AP009247.1) and de novo assembled coding DNA sequences of symbiont of A. marissinica were used in the positive selection analysis. Only single-copy orthologs were analyzed in the positive selection analysis of both host and symbiont.



Ortholog Identification and Phylogenetic Analysis

The best hits shared among P. okutanii, A. marissinica, and the other shallow-water clams were determined by all-versus-all BLASTp with a cutoff value of 1 × e–5. Afterwards, the default pipeline of OrthoMCL version 2.0.9 (Li et al., 2003) was used to identify the homologous gene clusters in the present study. Only one-to-one single-copy orthologous genes shared by all of these species were retained for subsequent phylogenetic analysis. The coding DNA sequence of these single-copy orthologous genes was concatenated and aligned using MUSCLE version 3.8.31 (Edgar, 2004) with default settings. The alignments of coding DNA sequence used amino acid alignment as a reference by ParaAT version 1.0 (Zhang et al., 2012). Poorly aligned regions and gaps were removed with Gblocks version 0.91b (Castresana, 2000) with default settings and the remaining alignment of each gene was concatenated and used for phylogenetic analysis. GTR + Γ + I, the best fit model predicted by jModelTest version 2.1.10 (Guindon and Gascuel, 2003; Darriba et al., 2012), was applied in the maximum-likelihood analysis using RaxML GUI version 1.5b1 (Stamatakis et al., 2008) with 100 rapid bootstraps.



Positive Selection Analysis

The identification of positively selected genes requires performing the likelihood ratio tests between the alternative branch-site model that allows the ratio ω [dN/dS: the non-synonymous substitution rate (dN) divided by the synonymous substitution rate (dS)] to vary in different lineages and the neutral branch-site model with a confined ratio ω. Both models rely on the phylogenetic relationship of the examined species (Yang and Dos Reis, 2011). The coding DNA sequences of single-copy orthologous genes shared by P. okutanii, A. marissinica, and other shallow-water veneroids were used for positive selection analysis using PosiGene (Sahm et al., 2017a) with the following settings: – target_species = Phreagena okutanii, Archivesica marissinica, – anchor species = Archivesica marissinica, – min_seq_num = 3, – min_omega = 0, – min_site_signifance = 0.9. Only the single-copy homologous gene in both P. okutanii and A. marissinica as well as other shallow-water species was considered for positive selection analysis, and shallow-water species with multiple copies of the gene were excluded from the list of references in the analysis of the given gene. The clade containing P. okutanii and A. marissinica was designated as the targeted lineage in the analysis using PosiGene (Sahm et al., 2017a). It has been reported that errors in the analysis are mainly caused by misalignment, which cannot be reduced by multiple test corrections (Sahm et al., 2017b). Therefore, the default pairwise similarity threshold of PosiGene (Sahm et al., 2017a) was applied to remove alignment errors, such as orthologs that were pseudo or poorly aligned, and nominal P-values were directly used to identify positively selected genes (Fletcher and Yang, 2010; Sahm et al., 2017b). If the genes had a P-value below 0.05 and amino acid sites with a bayes empirical bayes (BEB) probability above 0.9, they were regarded as the positively selected genes (Lan et al., 2017, 2018; Sun et al., 2017). For the positive selection analysis of symbionts, the settings of PosiGene was – target_species = symbiont Candidatus Vesicomyosocius okutanii, – anchor species = symbiont Candidatus Vesicomyosocius okutanii, – min_seq_num = 3, – min_omega = 0, – min_site_signifance = 0.9. Other settings and thresholds to identify positively selected genes was the same as that applied to the host.



RESULTS


Transcriptome Sequencing, Assembly, and Annotation

The shells of P. okutanii and A. marissinica are shown in Supplementary Figure S1. The cox1 gene sequence information of P. okutanii and A. marissinica samples are shown in the Supplementary Table S1. The details of transcriptome sequencing data of both P. okutanii and A. marissinica are summarized in the Supplementary Table S2.

After removing the reads from the gill tissues that could be mapped to the genome of Candidatus Vesicomyosocius okutanii, 31,823,340 and 59,685,2585 reads were retained for the transcriptome assembly of P. okutanii and A. marissinica, respectively. After duplicate transcripts were removed, open reading frame prediction generated 25,402 transcripts with an N50 length of 1,545 bp for P. okutanii and 25,530 transcripts with an N50 length of 2,035 bp for A. marissinica (Supplementary Table S2). These transcripts were translated into proteins and compared with those of the shallow-water veneroid clams. Supplementary Table S1 summarizes all available transcriptome information of the clams.

Among the translated proteins of P. okutanii, 20,022 (∼78.8%) proteins matched those in the NR database, 12,736 (50.1%) matched the GO terms and 6,664 (26.2%) had hits in the KEGG pathway database. For A. marissinica, 20,141 (∼78.9%) predicted proteins had hits in the NCBI NR database, 13,259 (51.9%) matched the GO terms and 7,238 (28.4%) had hits in the KEGG pathway database (Supplementary Table S2). The functional annotation of P. okutanii and A. marissinica shared a similar GO distribution in terms of cellular component, molecular function, and biological process (Figure 1).



Gene Expression Profiling

For the highly expressed genes in the gills of P. okutanii and A. marissinica, genes with significant fold changes compared to other organs were listed in Supplementary Tables S3, S4, respectively. The TCA cycle was found to be incomplete in the symbionts from the transcriptome data of A. marissinica. While the host genes involved in TCA cycle, including cytoplasmic aconitate hydratase-like, 2-oxoglutarate dehydrogenase, isocitrate dehydrogenase (NADP) cytoplasmic-like and succinate ligase, were highly expressed in the gills of both P. okutanii and A. marissinica when compared with other organs (Figure 2 and Supplementary Figure S2). Among the highly expressed genes in the gills, many of them were the Rab gene families for vesicle trafficking and ones encoding lysozymes (Figure 3 and Supplementary Figure S3). For example, V-type proton ATPase, cathepsin B, cathepsin L, Rab 7 and lysozymes were highly expressed in the gills of both P. okutanii and A. marissinica (Figure 3 and Supplementary Figure S3). The Rab 5 and early endosome antigen 1 (EEA1) were highly expressed in the gill of A. marissinica (Figure 3). Rabenosyn-5 was highly expressed in the gill of P. okutanii (Supplementary Figure S3).
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FIGURE 2. A heat map showing the expression level of genes in the TCA cycle in the gill, adductor muscle, foot, and mantle of Archivesica marissinica (left: NR annotation; right: KEGG annotation).



[image: image]

FIGURE 3. A heat map showing the expression level of genes involved in endocytosis and the lysosome pathway, especially the Rab families of gene and genes encoding lysozymes, in the gill, adductor muscle, foot, and mantle of Archivesica marissinica (left: NR annotation; right: KEGG annotation).


Among all the A. marissinica gill transcriptome reads, 6,548,372 were mapped successfully the coding DNA sequences of symbiont Candidatus Vesicomyosocius okutanii with an average mapping depth of 288. Around 97% Candidatus Vesicomyosocius okutanii coding DNA sequences were effectively covered by the A. marissinica symbiont reads. In the gills of A. marissinica, the top 10% of the highest expressed genes of the symbionts, including dsr, sqr, apr, sox and the gene encoding F0F1-ATPases, are involved in sulfur oxidation and ATP synthesis (Supplementary Table S5). Furthermore, these highly expressed genes were classified into a set of COG categories, such as energy production and conversion, amino acid metabolism and transport, carbohydrate metabolism and transport, translation, inorganic ion transport and metabolism, intracellular trafficking, and secretion (Supplementary Table S6). For the top 10% highest expressed genes of host included hemoglobin I, hemoglobin II, and ribosomal proteins (Supplementary Tables S7, S8).



Positive Selection

The proportions of amino acids in the protein sequences of deep-sea and shallow-water clams were similar, confirming that the subsequent positive selection analysis would not be biased due to amino acid usage (Supplementary Figure S4). A phylogenetic tree (Figure 4A) was constructed to provide the branch-site model with the phylogenetic relationship of the deep-sea and shallow-water veneroid clams. Among 4,648 orthologous genes that were used in the positive selection analysis, 86 were positively selected (Supplementary Table S9) and showed common amino acid substitutions between the deep-sea clams P. okutanii and A. marissinica. These amino acid substitutions occurred in the genes that are involved in vesicular transport, intracellular trafficking and lysis, including actin-related 2/3 protein complex (ARPC), V-type proton ATPase subunit C 1A-like (ATP6V1C1), cathepsin A (CTSA), CTSL, and cullin 3B-like (CUL3B) (Table 1 and Figure 4B). The amino acid alignments of these positively selected genes of host were provided in the Supplementary Material for future deep-sea studies (Supplementary Figure S5).
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FIGURE 4. Positively selected genes identified in deep-sea Phreagena and Archivesica. (A) Phylogeny of Veneroida clams with transcriptomes. The number next to the nodes is the bootstrap value from maximum likelihood analysis. A total of 151,496 nt coding DNA sequences contributed to this phylogenetic tree. The outgroup is Sinonovacula constricta in the Solecurtidae family. (B) Partial alignments of the positively selected genes. The shallow-water species with multiple copies of homologs were excluded from the analysis of the given gene. The Arp2/3 complex, cathepsin A, cathepsin L, cullin 3B-like protein, and V-type proton ATPase subunit C 1A-like protein involved in the vesicle trafficking and lysis process have a clear sign of positive selection. Double asterisks denote the amino acids in both Phreagena okutanii and Archivesica marissinica with a BEB posterior probability exceeding 0.95 and a single asterisk indicates the sites with a posterior probability above 0.9 but below 0.95 (Pok: Phreagena okutanii; Ama: Archivesica marissinica; Can: Coelomactra antiquata; Cfl: Corbicula fluminea; Eru: Eurhomalea rufa; Ghu: Glossus humanus; Lba: Limecola balthica; Mch: Mactra chinensis; Mia: Mercenaria mercenaria; Mix: Meretrix meretrix; Pte: Paphia textile; Rph: Ruditapes philippinarum; Spu: Saxidomus purpuratus; Sco: Sinonovacula constricta; and Tma: Tridacna maxima).



TABLE 1. Positively selected genes in Phreagena okutanii and Archivesica marissinica.

[image: Table 1]For symbiont, a total of 473 single-copy orthologs were applied in the positive selection analysis. Sixteen genes were identified under positive selection and listed in the Supplementary Table S10. Among them, pyruvate dehydrogenase that are involved in TCA cycle as well as NADH-quinone oxidoreductase subunit C and cytochrome-c oxidase cbb3-type subunit I that are involved in oxidative phosphorylation were all detected as having signals of positive selection.



DISCUSSION

Previous studies (Kuwahara et al., 2007; Newton et al., 2007) have focused primarily on the symbiont of the vesicomyids that adopt the vertical transmission of symbiont, while the knowledge gap in the host genetics prevented us to gain a more comprehensive understanding of the mutual relationship between the symbiont and host. In the present study, we thoroughly analyzed the transcriptomes of both host and symbiont of the deep-sea vesicomyid clams to gain insights into the host–symbiont interaction.


Complementary Roles of the Two Partners in the Holobiont

Endosymbionts housed in deep-sea mussels and tubeworms have a transport system to take up various carbohydrates (Robidart et al., 2008; Ho et al., 2017; McCuaig et al., 2018). On the contrary, the endosymbionts of the deep-sea vesicomyid clams reportedly lacked the genes related to the systems for absorbing phosphoenolpyruvate-dependent sugar in the genomes (Kuwahara et al., 2007). This implies that the endosymbionts of the clams are unlikely to obtain sugar externally and appear to be more independent in the synthesis of nutrients, making them very different from the endosymbionts of mussels or tube worms that are horizontally transferred from the environment. Indeed, an essential enzyme for the carbon fixation step of the Calvin–Benson cycle, ribulose bisphosphate carboxylase, was in the top 10% of the highly expressed genes in the symbionts of A. marissinica (Supplementary Table S5), suggesting that these endosymbionts may rely strongly on the Calvin-Benson cycle to fix carbon for synthesizing nutrients.

The TCA cycle is a pathway not only to synthesize ATP but also to generate various intermediates to fulfill other important metabolic pathways, such as the biosynthesis of amino acids and lipids. In the transcriptome of the endosymbionts of A. marissinica, many genes implicated in glycolysis and the pentose phosphate pathway were among the top 10% of the highest expressed genes and these genes allow symbionts to produce a substantial amount of substrate for the TCA cycle (Supplementary Table S5). However, the symbiont transcriptome data of A. marissinica have incomplete TCA cycles as well as previously reported symbiont genomes of Phreagena okutanii and Calyptogena magnifica (Kuwahara et al., 2007; Newton et al., 2007). For example, the gene encoding the enzyme 2-oxoglutarate dehydrogenase is not found in the transcriptome data, but this enzyme likely promotes the production of succinyl-CoA, 2-oxoglutarate, and oxaloacetate. This finding is consistent with the results of the symbionts of P. okutanii (Kuwahara et al., 2007) and Calyptogena magnifica (Newton et al., 2007). However, this missing gene was highly expressed in the host gill of the P. okutanii and A. marissinica compared with other host organs (Figure 2 and Supplementary Figure S2). Replenishment of these intermediates of the TCA cycle or the existence of alternate cellular metabolism are very crucial for the symbiont, in order to synthesize all essential nutrients (Ponnudurai et al., 2017).



Sulfur Metabolism and Energy Conservation in the Endosymbiont of Archivesica marissinica

Vesicomyid clams usually insert their foot into sediments to obtain hydrogen sulfide and transport this chemical to the bacteriocytes via sulfide-binding proteins (Arp et al., 1984; Childress and Girguis, 2011). The endosymbionts rely on the energy generated from sulfur oxidation to synthesize organic matter for the host (Morton, 1986; Kuwahara et al., 2007; Newton et al., 2007). Indeed, the top 10% of the highest expressed genes in the endosymbionts of A. marissinica include the dsrABCL gene complex that catalyzes sulfide to sulfite, the aprA gene that mediates the oxidation of sulfite to sulfate, and the genes (cytochrome c oxidase and F-type ATPase) that are involved in the oxidative phosphorylation pathway (Supplementary Table S5). These results suggest that these sulfide oxidation pathways are essential for driving the metabolism of the endosymbionts. Since the genes encoding glutamine synthase and glutamate synthase can respectively synthesize glutamine and glutamate using ammonia, the high expression of these two genes in the endosymbionts of A. marissinica (Supplementary Table S5) suggests that these biosynthesis pathways of amino acids are essential in the endosymbionts. In conclusion, these results confirm the earlier findings in the endosymbionts of P. okutanii but more importantly, they demonstrate that the endosymbionts of A. marissinica could perform the same functions as those of P. okutanii.



Digestion of Symbiont

The symbionts without transporters for nutrients such as amino acids and cofactors cannot transport the nutrients to the host (Kuwahara et al., 2007; Newton et al., 2007). In fact, we found that the genes that encode EEA1-like protein, ras-related Rab-5C-like (Rab5) protein, ras-related Rab-7a (Rab7) protein, syntaxin 7, cullin 3B-like protein, lysosomal hydrolases and cathepsins responsible for active fusion and cell lysis were highly expressed in the host gill tissues of A. marissinica compared with other tissues without endosymbionts (Figure 3). Among them, Rabenosyn-5 (a Rab5 effector; Nielsen et al., 2000), Rab 7, V-type proton ATPase, lysosomal hydrolases and cathepsins were also highly expressed in the gills of P. okutanii (Supplementary Figure S3). Moreover, these two deep-sea clams share same positively selected genes, including ARPC, V-type proton ATPase subunit C 1A-like, cathepsin A, cathepsin L, and cullin 3B-like (Table 1 and Figure 4B), which may contribute to the molecular adaptation of deep-sea chemosynthetic environment. To better understand the potential functions of these genes, we propose a step-by-step schematic model to illustrate the maturation of symbiont-containing vesicles and the host digestion process (Figure 5). Briefly, EEA1 and Rab5 first promote the fusion between Rab5-positive vesicles and their maturation into Rab7-positive vesicles (Mills et al., 1998; Wennerberg et al., 2005); Rab7 enhances the fusion between mature symbiont-containing vesicles and promotes their further maturation for fusion with lysosome (Chen et al., 2003); Syntaxin 7 is required for the fusion between Rab7-positive vesicles and lysosomes (Mullock et al., 2000); the actin-related protein 2/3 complex then mediates actin polymerization during vesicle trafficking (Daugherty and Goode, 2008); cullin 3B-like protein regulates the vesicle trafficking during the maturation of symbiont-containing vesicles (Hubner and Peter, 2012; Huotari et al., 2012); and lastly V-type proton ATPase subunit C 1A-like protein, lysosomal hydrolases, and cathepsin proteins in the lysosomes that were all highly expressed support the host in carrying out the vigorous lysosome activity to digest the symbiont (Fiala-Médioni et al., 1994; Beyenbach and Wieczorek, 2006). Moreover, among the highly expressed genes in the gill, the actin-related protein 2/3 complex, cullin 3B-like protein, V-type proton ATPase subunit C 1A-like protein, cathepsin A, and cathepsin L were under positive selection pressure in both deep-sea vesicomyid clams compared with shallow-water veneroid clams (Table 1 and Figure 4B), implying that the hosts have developed sophisticated mechanisms to efficiently utilize the endosymbiont cells and thus control the bacterial population. However, the limitations of this study are clear. Due to the challenges and difficulties of deep-sea sampling, only one individual of each clam species were collected and used in the gene expression analysis. Lacking of replicates may cause potential individual bias in the gene expression analysis. The gene expression patterns may have been affected by the changes in hydrostatic pressure, temperature or other environmental factors during the period of sample collection, although the samples were dissected and fixed immediately upon arriving on board. Further validation will be conducted in the future, if deep-sea clams fixed in situ become available.


[image: image]

FIGURE 5. A working model showing the function of the highly expressed genes. Early endosome antigen 1 (EEA1) and Rab5 first promote the fusion between Rab5-positive vesicles and their maturation into Rab7-positive vesicles; Rab7 enhances the fusion between mature symbiont-containing vesicles and promotes their further maturation for fusion with lysosome; Syntaxin 7 is required for the fusion between Rab7-positive vesicles and lysosomes; and lastly V-type proton ATPase subunit C 1A-like protein, lysosomal hydrolases, and cathepsin proteins in the lysosomes support the host in carrying out the vigorous lysosome activity to digest the symbiont. The model indicates that the hosts have developed sophisticated mechanisms to efficiently digest the endosymbiont cells.


The high expression level and positive selection of the genes related to vesicle trafficking and lysosomes suggest that the vesicomyid clams actively digest their symbionts through lysis to satisfy their nutritional demand. The symbionts actively generate and provide various nutrients to the hosts. Overall, the present study offers the first high-quality transcriptomes of deep-sea chemosymbiotic vesicomyid clams, which allow us to close the gap in our knowledge of their symbiotic relationships in terms of how the host contributes.
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