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Ciliated trochophore-type larvae are widespread among protostome animals with spiral cleavage. The respective phyla are often united into the superclade Spiralia or Lophotrochozoa that includes, for example, mollusks, annelids, and platyhelminths. Mollusks (bivalves, gastropods, cephalopods, polyplacophorans, and their kin) in particular are known for their morphological innovations and lineage-specific plasticity of homologous characters (e.g., radula, shell, foot, neuromuscular systems), raising questions concerning the cell types and the molecular toolkit that underlie this variation. Here, we report on the gene expression profile of individual cells of the trochophore larva of the invasive freshwater bivalve Dreissena rostriformis as inferred from single cell RNA sequencing. We generated transcriptomes of 632 individual cells and identified seven transcriptionally distinct cell populations. Developmental trajectory analyses identify cell populations that, for example, share an ectodermal origin such as the nervous system, the shell field, and the prototroch. To annotate these cell populations, we examined ontology terms from the gene sets that characterize each individual cluster. These were compared to gene expression data previously reported from other lophotrochozoans. Genes expected to be specific to certain tissues, such as Hox1 (in the shell field), Caveolin (in prototrochal cells), or FoxJ (in other cillia-bearing cells) provide evidence that the recovered cell populations contribute to various distinct tissues and organs known from morphological studies. This dataset provides the first molecular atlas of gene expression underlying bivalve organogenesis and generates an important framework for future comparative studies into cell and tissue type development in Mollusca and Metazoa as a whole.
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INTRODUCTION

The organization and diversity of cell types constitute key features during the ontogenetic establishment of animal body plans. Distinct transcriptional profiles of cell populations are an important prerequisite for the formation of cell types, and, ultimately, tissues, of multicellular animals (Shapiro et al., 2013; Stegle et al., 2015; Arendt et al., 2016). Accordingly, deciphering the transcriptomic code underlying the ontogeny of these cell types is crucial for sound inferences of the shared evolutionary history of cells and tissues across the animal kingdom. Among the multicellular animals, adult mollusks exhibit a particularly high morphological diversity that has resulted in a number of autapomorphic characters on various phylogenetic levels [e.g., radula, shell(s), foot, neuromuscular systems] (Smith et al., 2011; Wanninger and Wollesen, 2019). However, despite their unique innovations in the adult body plan, numerous mollusks display a conserved, ciliated, trochophore-type larva that is also found in other lophotrochozoans including annelids and platyhelminths (Nielsen, 2018). The molecular pathways underlying the morphological diversification from this common larval type into clade-specific features remains largely unresolved.

Traditional studies have focused on the ontogeny of different tissues by tracing the mitotic history of a cell and generating so-called fate maps, resulting in the reconstruction of so-called cell lineages (Lillie, 1895; Meisenheimer, 1900; Luetjens and Dorresteijn, 1995; Dictus and Damen, 1997; Render, 1997; Henry et al., 2004; Hejnol et al., 2007; Lyons et al., 2017; Farrell et al., 2018). While cell lineages for certain putative homologous structures (e.g., the prototroch) have been identified, striking differences in mitotic history details are evident even between closely related taxa, particularly within Mollusca (Wanninger and Wollesen, 2015). Moreover, some lineage diagrams do not assign fates to all terminal ends of the cell lineage tree, hindering broad comparisons across taxa (Meisenheimer, 1900; Luetjens and Dorresteijn, 1995). For more detailed insights into differences and shared features on the ontogeny of tissues and organ systems, gene expression analyses using in situ hybridization has been widely used on a variety of molluscan taxa (e.g., Hinman et al., 2003; Lee et al., 2003; Wollesen et al., 2015a,b, 2018; Redl et al., 2016; Wang et al., 2017; Salamanca-Díaz et al., 2021). These studies represent a framework for comparative analyses of genes underlying the formation of features such as the shell field, nervous system, foot, sensory structures, and others (Wanninger and Wollesen, 2019). However, this approach is hampered by the fact that only a fraction of genes are known to be active in certain regions and developmental stages of the respective target species. Novel approaches of sequencing live, dissociated cells (single-cell RNA sequencing, scRNA-seq) followed by in silico methods using fine-grained computational pipelines have allowed for characterization of transcriptomic profiles related to cell types and cell states based on their distinct, relative gene expression levels. Such studies have resulted in comprehensive lists of genes that are expressed during ontogeny (Tang et al., 2010; Trapnell et al., 2014; Achim et al., 2015; Satija et al., 2015; Trapnell, 2015; Vergara et al., 2017; Svensson et al., 2018; Zhong et al., 2018). Accordingly, recent studies have uncovered the presence of previously uncharacterized cell types and an unexpected transcriptomic heterogeneity amongst cell populations and have revealed numerous genes with hitherto unknown function (Karaiskos et al., 2017; Achim et al., 2018; Briggs et al., 2018; Farrell et al., 2018; Fincher et al., 2018; Plass et al., 2018; Sebé-Pedrós et al., 2018; Wagner et al., 2018; Foster et al., 2019, 2020; Siebert et al., 2019; Duruz et al., 2020; Wendt et al., 2020; García-Castro et al., 2021; Paganos et al., 2021; Sur and Meyer, 2021).

The quagga mussel Dreissena rostriformis, native to the Dnieper drainage of the Ukrainian Black Sea region (Nalepa and Schloesser, 2019), has managed to rapidly spread across European and North American freshwater bodies (Mills et al., 1993; Heiler et al., 2013; Aldridge et al., 2014; Karatayev et al., 2014; Wakida-Kusunoki et al., 2015; Nalepa and Schloesser, 2019). Together with its congener, the zebra mussel Dreissena polymorpha, they build dense populations which consume large amounts of phytoplankton with often damaging impact on native invertebrate and fish populations (Raikow, 2004; Strayer et al., 2004; McNickle et al., 2006; Karatayev et al., 2014; Nalepa and Schloesser, 2019). This makes the quagga and zebra mussel one of the most prevalent and successful invasive mollusks (Karatayev et al., 2007). Efforts to understand and manipulate the rate of colonization and dispersal for these species have mainly focused on the adult stage when the population is already established, while data on the dispersive larval stages, the trochophore and the veliger, are still lacking (McCartney et al., 2019).

Here, we present the first comprehensive scRNA-seq study on the trochophore larva of any mollusk, the quagga mussel Dreissena rostriformis. We generated a scRNA-seq library from dissociated cells of entire larvae. Using this dataset, we define distinct cell types present in this larval type. We assign identities to identified cell populations based on characterization of distinct transcriptomic signatures and predict relationships between cell types by modeling developmental trajectories within the dataset. We analyze ciliary, neuronal, muscle, and other cell types with potential importance to environment sensing and larval spreading. Through this work, we also provide a comprehensive molecular atlas of gene expression underlying Dreissena rostriformis development, thereby laying the foundation for further research into understanding the features that allow quagga mussel larvae to rapidly conquer new freshwater habitats.



MATERIALS AND METHODS


Animal Collection and Cultures

Sexually mature individuals of Dreissena rostriformis were collected in the Danube River in Vienna, Austria (N 48°14′45.812″, O 16°23′38.145″) between April and September, 2019. Adults were gathered from underneath stones and transferred to the laboratory where they were cleaned and maintained in aquaria with filtered river water (FRW) at 19°C.

Spawning of animals was induced by exposing sexually mature specimens for 15 min to a 10–3 M solution of serotonin (#H9523, Sigma-Aldrich, Darmstadt, Germany), followed by one wash and subsequent maintenance in FRW. Individuals were kept isolated in FRW inside 50 mL glass beakers and after approximately 30 min, up to 50% of the treated specimens started to spawn. Oocytes and motile sperm were then collected separately from the water column. Fertilization rates were high when three to four drops of sperm-containing water were added to 50 ml glass beakers with oocytes. The cultures were maintained at 23°C. After fertilization, water was changed every half an hour for the first 3 h and then every 6 h to remove excess sperm and avoid bacterial or fungal infection.



10X Single-Cell 3′ RNA-Seq


Sample Preparation

Cell dissociations of Dreissena larvae were generated by first washing 13 h post fertilization (hpf) trochophore larvae over a 20 μm mesh with sterile autoclaved fresh river water (AFRW). Larvae were concentrated into 1.5 mL tubes by centrifugation (1rcf) for 5 min and AFRW was replaced with a pronase enzyme in AFRW (8 mg/mL) (#10165921001, Roche Diagnostics, Mannheim, Germany) and the tubes were subsequently placed in gentle agitation for 30 min on a rocker at the slowest setting in order to keep the cells and reagents in suspension. Larvae were dissociated by first passing them through a syringe with a hypodermic needle with 0.4 mm diameter. This procedure was repeated and monitored until a uniform single cell solution was visible under the microscope. Cell viability was assessed by adding an acridine orange/propidium iodide (AO/PI) staining solution (#CS2-0106; Nexcelom Bioscience, Lawrence, MA, United States) to stain live and dead cells, respectively (Cellometer K2; Nexcelom Bioscience). A single cell suspension measuring 76.8% viability with a concentration of 1000 cells/μL was loaded into a 10x Chromium Controller using Chromium Single Cell 3′ Kit v2 reagents (#120237, 10x Genomics, United States). cDNA synthesis and library construction were made according to specifications from the manufacturer. Library quantification was performed on a Bioanalyzer (#5067-4626, High Sensitivity DNA reagents, Agilent Technology; Agilent 2100 Bioanalyzer) and sequenced on the Illumina platform.



Mapping Tool Preparation and Cell Clustering

The transcriptomes used for creating the mapping tool, together with the reference genome to map the reads against, were previously generated (Calcino et al., 2019). Gene models were elongated 2 kilobases in the 3′direction to account for poorly annotated three-prime ends (Levin et al., 2016). To annotate the transcriptome, we performed a BLASTX search in each individual gene sequence against the human and the Pacific giant oyster (Crassostrea gigas) genomes. For each transcript, the BLAST hit with the highest E-value was selected for annotation. We utilized InterProScan v5.46-81.0 (Jones et al., 2014) to search for gene ontology and allocate domains on the reference genome by surveying publicly available databases such as GO terms, Pfam, and PANTHER (Supplementary Table 1). The reference database was generated using CellRanger MakeRef v3.1.0 with default settings. Afterward, sample libraries were demultiplexed using CellRanger Makefastq v3.1.0 with default settings and filtered according to cell barcode and Unique Molecular Markers (UMIs) using CellRanger Count v3.1.0 with parameters of –force-cells = 1000 –chemistry = SC3Pv2. The resulting cell count gene expression matrix was analyzed in R v3.6.1 (R Developement Core Team, 2015) with the Seurat v4.0.1 package (Satija et al., 2015). Samples were considered to represent a single cell transcriptome if it contained at least 150 genes. Samples with more than 4,000 sequenced genes were removed as these represent multiplets. The count matrix was processed through a standard Seurat pipeline using default parameters as follows: counts were first normalized, and log scaled (NormalizeData and ScaleData functions) and principal component analysis was performed (RunPCA) using only highly variable features (FindVariableFeatures). We visually inspected an elbow plot of standard deviation of the principal components (Supplementary Figure 1) and selected the top 30 principal components for clustering. We then generated a KNN graph based on the Euclidean distance in PCA space following the Louvain algorithm [FindNeighbors (k.param = 10, nn.method = “annoy,” annoy.metric = “cosine”)] and clustered the data [FindClusters (random.seed = 0, res = 0.5)]. For data visualization, we projected all single cell transcriptomes into a uniform space of 2 dimensions [Uniform Manifold Approximation and Projection (UMAP): RunUMAP (n.neighbors = 10 L, spread = 0.45, min.dist = 0.1, local.connectivity = 100)]. Marker genes were identified with the FindAllMarkers function (random.seed = 0), which considers only genes that were enriched and expressed in at least 10% of the cells in each population (min.pct = 0.1) and with a log fold difference larger than 0.6 (logfc.threshold = 0.6). Later, a filter was performed for the top 10 genes with the higher average logarithmic fold change values (Supplementary Tables 2, 3). Additional cutoff thresholds were explored and the whole pipeline was applied to observe how they affect the remaining cells in the dataset (Supplementary Figure 2 and Supplementary Table 5). We applied a graph imputation algorithm with the R package MAGIC (van Dijk et al., 2018) on single cells for de-noising the count matrix and fill in missing transcripts. The R package topGO (Alexa et al., 2006) was implemented to perform a GO terms enrichment analysis on genes from each cluster, determining statistically the molecular activity of a gene (molecular function), the place in the cell where the gene produces an effect (cellular component), and the physiological process influenced by a gene (biological process). Following this, expression of orthologous marker genes from distinct cell types were examined in this dataset to validate cluster identification assigned by GO term results.



Pseudotime Trajectory Analysis

In order to root the pseudotime trajectories in a single place and to calculate the number of transcriptomic changes of each population, we implemented the R package StemID to predict developmentally uncommitted cell populations from maximum transcriptome entropy calculations (Grün et al., 2016). This one cell population, which clustered together based upon the lack of differentially expressed genes compared with the other clusters in the dataset, also received the lowest entropy calculation. This suggests that these cells represent a pool of uncommitted cells within the embryo (Hemmrich et al., 2012; Fincher et al., 2018; Siebert et al., 2019). Cells were ordered along a calculated similarity trajectory with this population defined as the starting point using the Monocle3 R package (Cao et al., 2019), imported from Seurat with the package SeuratWrappers v0.3. Cells were re-clustered using the “cluster_cells” function (resolution = 0.02). The “learn_graph” function was implemented to model the cell differentiation paths throughout development. This principal graph was used to order cells in pseudotime using the “orderCells” function with undifferentiated cells defined as the root. Monocle interprets multiple ends to a trajectory as cellular decisions.




Gene Cloning

A first-strand cDNA Synthesis Kit for RT-PCR (#11483188001, Roche Diagnostics, Mannheim, Germany) was used for cDNA synthesis from the pooled RNA. PCR products were size fractioned by gel electrophoresis and purified with a QIAquick Gel Extraction Kit (#28706, Qiagen, Hilden, Germany). PCR products were cloned in pGEM-T Easy Vectors (#A1380, Promega, Mannheim, Germany). Plasmid minipreps were grown overnight, purified with a QIAprep Spin Miniprep Kit (#27106, Qiagen), and sequenced for verification. Forward and reverse primers for each gene sequence can be found in Supplementary Table 4.



Probe Synthesis and Whole Mount in situ Hybridization

To provide spatial information associated with the transcriptomic signatures and further validate cell type annotations, whole mount in situ hybridization analysis of some of the highly expressed cell population-specific genes were performed on trochophore larvae aged 13–15 hpf. Plasmid products were linearized by PCR amplification using M13 primers as described previously (Wollesen et al., 2015b). Antisense riboprobes were synthesized using digoxigenin-UTP (#11175025910, DIG RNA Labeling Kit, Roche Diagnostics) and SP6/T7 polymerase (#10810274001, #1088176001, Roche Diagnostics).

Larvae were fixed for 1 h in 4% paraformaldehyde (PFA) (20% PFA + 10x PBS; DEPC- treated H2O), followed by three washes of 15 min each in Phosphate Buffer Solution (PBS). For long-term storage of samples, subsequent washing steps for at least 15 min each were performed in different concentrations of methanol (25, 50, and 75%) in 1x PBS. For whole mount in situ hybridization, larvae stored in 100% methanol were rehydrated in 0.1 M PBS and decalcified with PPE (20% PFA + 10x PBS + 0.5 M EGTA at pH 8.0 + diethyl pyrocarbonate; DEPC-treated H2O). Afterward, samples were treated with proteinase-K at 37°C for 10 min (10 μg/mL in PTw: 1x PBS + 0.1% Tween-20). Samples were washed in PTw and post-fixed for 45 min in 4% PFA. Subsequently, samples were washed and transferred to hybridization buffer (50% formamide, 5X SSC, 50 μg/ml heparin, 500 μg/ml yeast tRNA, 0.1% Tween-20, pH 6.0) for 8–10 h at 56–60°C. Probe hybridization was performed at the same temperature with probe concentrations ranging between 1 and 2 ng/μL for 30–48 h. Washing steps after hybridization were done using the following solutions: 75% hybridization buffer + 25% of SSC (3 M NaCl + 0.3 M saline-sodium citrate; SSC buffer + DEPC H2O) for three times 10 min each, then 50% hybridization buffer + 50% SSC twice for 10 min each, 25% hybridization buffer + 75% SSC for 7 min (once) and 1X SSC + 0.1% Tween-20 for three times for 5 min each. Next, three washes in 0.1 M maleic acid buffer (MAB) were performed. A digoxigenin (DIG)-labeled alkaline phosphatase (AP) antibody (#11093274910, Roche Diagnostics) was used at a dilution of 1:5000 in blocking solution (#11096176001, 10x blocking reagent; Roche Diagnostics + 0.1 M MAB) at 4°C overnight. Samples were then washed in PTw three times for 20 min each and twice for 10 min each. Development of the color reaction was done in a NBT/BCIP solution (#11383213001, #11383221001, Roche Diagnostics) diluted in 1x alkaline phosphatase buffer (0.5 M NaCl + 0.5 M Tris at pH 9.5 + 50 mM MgCl2 + 0.1% Tween-20 + DEPC H2O) at 4°C with constant buffer replacement until signal was detected. Color reactions were stopped by washing five times for 10 min each with PTw.



Immunocytochemistry

Trochophore larvae (13 hpf) were fixed in 4% PFA for 1 h, then washed and stored at 4°C in 1x PBS with 0.1% sodium azide added. Afterward, samples were permeabilized by three washing steps of 15 min in 1x PBS + 0.2% Triton X-100 + 0.1% NaN3 (PTA). Blocking was performed in PTA + 6% normal goat serum (NGS) overnight at 4°C. Primary antibody incubation was performed over night at 4°C with anti-acetylated α-tubulin (raised in mouse, monoclonal, #T6793, Sigma-Aldrich) at a concentration of 1:400 diluted in PTA + 6% NGS. Two washes with PTA of 15 min each followed. For the secondary antibody, goat anti-mouse Alexa 568 (#A-11004, Thermo Fisher Scientific, Waltham, MA, United States) was added and the samples were incubated overnight at 4°C. This was followed by two washes with PBS for 15 min each. After that, a mix of CellMask Green Stain (#H32714, Invitrogen, Carlsbad, CA, United States; 1:100) and DAPI (#D1306, Sigma-Aldrich, 1:2000) in PBS was added for 1 h. Then, the samples were washed thrice with PBS for 15 min each and mounted on glass slides with Fluoromount-G (#0100-01, SouthernBiotech, Birmingham, AL, United States) and stored at 4°C for a few days prior to image collection.



Image Collection and Figure Processing

Trochophore larvae (13 hpf) used for in situ hybridization were mounted in 100% glycerol and documented with an Olympus BX53 Microscope (Olympus, Hamburg, Germany). Immunofluorescent antibody preparations were scanned with a Leica TCS SP5 II confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany). FIJI (Schindelin et al., 2012) was used for image analysis and further processing to estimate cell number in a larva through nuclei counting, employing the 3D Object Counter v2 with a threshold of 75. All figures, light micrographs, and graphical representations were prepared, compiled, and adjusted for contrast and brightness using Inkscape version 0.92.4-4 (Inkscape Project, 2020).




RESULTS


De novo Cell Cluster Annotation and Marker Gene Identification in a Bivalve Trochophore Larva

Based on nuclei counts from immunostainings, we estimated that the trochophore larva of the quagga mussel Dreissena rostriformis is composed of approximately 110 cells. Therefore, we aimed to sequence ∼1000 cells with the 10x Genomics platform. In total we sequenced 41325580 reads and 84.9% of these reads mapped to the reference genome, i.e., the remaining percentage could not be mapped to either exonic, intronic, intergenic regions or antisense genes. After filtering out cells with less than 150 molecules and with more than 4000 sequenced molecules, a total of 632 cells were captured, corresponding to around five individuals (Figures 1A,B). The number of genes detected in a cell (nFeatures) have a median of 1054.5 and a mean of 1141.8, while the number of molecules detected within a cell (nCount) have a median of 3253 and a mean value of 4172.8. After processing the cell count matrix with the Seurat pipeline, the heterogeneity of cell states in the trochophore larvae was assessed. Graph-based clustering revealed seven transcriptionally distinct cell populations (Figures 2A–G). Analysis of the genes underlying this clustering, as described below, identified cell populations corresponding to “ciliary/prototroch,” “neuronal,” “endoderm,” “muscle,” “epidermal,” “shell field,” and “undifferentiated” identities (Figures 3A,4A).
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FIGURE 1. Single-cell transcriptomics of Dreissena rostriformis larvae. Age of larvae is 13 hpf. (A–A”) Lateral view of differential interference contrast (left), alpha-acetylated tubulin/DAPI immunostained trochophores (center), and scheme illustrating the overall morphology of the trochophore larva (right). Asterisk on the larvae indicates the mouth opening. Arrowhead points to the shell field on the right side. Orange marked areas denote the developing nervous system based on data from Pavlicek et al. (2018). Pink marked area denotes the developing muscular system. Dotted black lines highlight shell field cells. Dotted red lines highlight the developing digestive system. Anterior (A), posterior (P), ventral (V), and dorsal (D). Scale bars equal 20 μm. (B) Cell lineage tree of Dreissena modified from Meisenheimer (1900) and Luetjens and Dorresteijn (1995).
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FIGURE 2. Gene ontology (GO) analyses leads to identification and validation of clusters of differentially expressed genes. (A–G”) GO terms associated with molecular function, cellular component, and biological processes. Classification of the corresponding GO terms form each highlighted cluster on the left side of the panel. Each row represents a cluster with significant transcriptomic signature and each column shows the categories of enrichment by molecular function, cellular component, and biological processes. Vertical black line (p-value = 0.05) in each graph represents statistical significance threshold set after performing a Fisher’s exact test.
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FIGURE 3. Mapping cell state markers on the trochophore larva. (A) Top 10 highly expressed genes per cluster. On the left side of each gene is the putative ortholog match from Crassostrea gigas. Color intensity represents the average gene expression while circle size is the percentage of cells expressing a certain gene. In bold are the IDs of the genes used for cluster validation through in situ hybridization in (B–D). (B–D”) Expression domains of randomly sampled marker genes from a dorsal (B–D) and a lateral point of view (B’–D’). (B–B”) Mhc expression located in cells from the anterior region between the developing digestive tract and the shell field. Dotted lines highlight the secreted shell field. (C–C”) Hic31 expression located in cells belonging to the outer margin of the shell field (arrowheads). (D–D”) Tsh expression is found in the epidermal cells limiting the outline of the shell field. Asterisk indicates the mouth opening on the left side. Anterior (A), posterior (P), ventral (V), dorsal (D), left (L), and right (R). Scale bars are 20 μm. (E–G) Feature plots of each respective gene used for in situ hybridization and after running the gene imputation algorithm with MAGIC.
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FIGURE 4. Cell clusters mapped onto the Dreissena cell lineage tree and their location in the trochophore larva. (A) Resulting UMAP graph with cluster identification result of our annotation pipeline. Identified cell clusters are named and color-coded. (B) Calculated pseudotime showing recovered differentiation trajectories among extant clusters. Black lines represent the learned pseudotime trajectories. Colored nodes marked in the trajectory pathways and in the cell lineage tree represent the possible developmental decisions inferred from pseudotime and are drawn into the cell lineage map. The aquamarine node represents the developmental decision between endodermal and muscle cells. Light orange and light green represent the nodes that do not have a certain position on the fate map. (C) Cell lineage tree of Dreissena modified from Meisenheimer (1900) and Luetjens and Dorresteijn (1995). Highlighted are the putative terminal cell identities with the same color code from the UMAP projection. Blue gradient on the lines of early cell lineages represents the multipotency of the cells, which is lost in further cell divisions to acquire identity and could still be present in some lineages. Cell lineages not colored here mean the fate of these cell lineages was not identified in the fate map of Dreissena. (D) Putative location of clusters on the larva based on annotation methods described here. (E) Pie charts showing the percentage of cell types based on counts from cell lineage studies for one single larva (left, “expected”) vs. the percentage of cell types based on counts of this study from five larvae (right, “outcome”).




Transcriptional Domains Confirm Cell Type Identity in the Larva

Ciliary cells in Dreissena start to develop early in the gastrula stage. GO terms analysis revealed one cluster of cells with a statistically significant enrichment in genes involved in processes related to cilia assembly, movement and cell motility, and microtubule-based processes (Figures 2A–A″), thus identifying a “ciliary/prototroch” cell population within the dataset. Moreover, further sub-structure within this group is exhibited when the clustering resolution parameter is increased (Supplementary Figures 1I–K and Supplementary Table 3). In the larva, there are several subtypes of ciliated cells such as prototroch, telotroch, and apical tuft cells (Meisenheimer, 1900; Pavlicek et al., 2018). The structure seen in this cluster could reflect the different subtypes of ciliary cells in the live animal.

Cells identified as “neuronal” present highly expressed genes where there is an enrichment of neurogenesis-related processes such as neuropeptide signaling pathway, proton transmembrane transport (iron ion transport), and acetylcholine receptor regulator activity (Figures 2B–B″ and Supplementary Tables 1, 2). When increasing the resolution for finding clusters, results revealed subclusters within this population (Supplementary Figures 1I–K and Supplementary Tables 2, 3). Even though the two resulting subclusters have equal enrichment for neuronal processes, they have differential expression of markers setting them apart from each other (Supplementary Tables 2, 3). For example, while the red subcluster has predominant expression of FMRFamide receptor, the turquoise one on the right presents high expression of neuronal acetylcholine receptor subunit alpha-6 (Supplementary Figures 1I, 4C,D). Annotations from transcriptomic signatures in the cluster “neuronal” indicate that neuropeptides are secreted from these cells. Accordingly, in-depth analysis of gene expression signatures of this cluster appears particularly promising for characterizing the gene regulatory networks responsible for the differentiation of neuronal cells.

The cluster “endoderm” shows all related cells share gene annotations from human and Crassostrea orthologs related to enzymatic reactions that are likely to occur in the developing digestive system, e.g., arginase-1 (Gene.72022), cathepsin K preproprotein (Gene.17238), neutral cholesterol ester hydrolase-1 (Gene.4751) (Kirschke et al., 1995; Duruz et al., 2020), but also included immune response-related genes, e.g., galectin-8 (Gene.117090) (Vasta et al., 2015). Moreover, GO terms for processes related to ribosome biogenesis, RNA processing, translation, and ATP synthesis-coupled proton transport show enrichment in this cluster (Figures 2C–C″). Since all these activities are crucial for cell survival, one could assume the enriched processes are crucial for all cell states at this stage and some of the genes are expressed in other clusters. However, the annotations from the top differentially expressed genes identified in this cluster suggest that these cells are involved in endoderm development and immune responses (Supplementary Figure 4). Altogether, cells in this cluster are highly likely to have endodermal fates in the quagga mussel larva.

Bivalves have two predominant adductor muscles of which the anterior adductor and some larval retractor systems already start to form in the trochophore larva (unpublished observation). We identified cells with muscle identity in our dataset on the “muscle” cluster where there is gene ontology enrichment with processes associated with muscle system formation such as calcium ion binding, actin filament depolymerization, and protein peptidyl-prolyl isomerization (protein folding) (Figures 2D–D″ and Supplementary Table 1). In addition, the commonly expressed marker during animal myogenesis, myosin heavy chain (mhc; Castellani and Cohen, 1987; Ladurner and Rieger, 2000; Dyachuk and Odintsova, 2009; Li et al., 2019), is expressed in this cluster. In the Dreissena trochophore, transcripts of mhc are found in the anterior mesoderm. They form spot-like expression domains in the anterior region between the developing digestive tract and the shell field (Figures 3B–B″,E). Hence, in silico annotations and in situ hybridization data support the identity of muscle cells for this cluster.

Cells with an “epidermal” identity formed a cluster with GO terms enrichment in processes that play a role as integral components of the membrane, such as epidermis morphogenesis and homophilic cell adhesion via plasma membrane (Figures 2E–E″ and Supplementary Table 1). To visualize these cells in the larva, in situ hybridization of one of the top marker genes was performed. The gene teashirt (tsh) has an expression domain in cell populations adjacent to the anterior and posterior margins of the cells forming the shell gland (Figures 3D–D″,G). This gene expression domain and GO term annotations suggest that this cluster contributes to the formation of various types of epithelia and epidermal tissue in the trochophore larva of Dreissena.

Dreissena trochophores exhibit a developing shell field which grows and envelops the visceral region in later stages. We identified cells belonging to the cluster “shell field,” which express several genes with unknown ontology term or ortholog match. Cells belonging to this cluster express numerous short-numbered-kilobases genes, which match hitherto uncharacterized molluscan genes (Supplementary Table 1). Nevertheless, the few GO terms collected show enrichment in processes that interact with the extracellular matrix, such as integrin-mediated signaling pathway and positive regulation of cell cycle G2/M phase progress (Figures 2F–F″ and Supplementary Table 1). From the set of highly expressed genes forming the transcriptomic signature in this cluster, hic31 was chosen to visualize the cluster in the Dreissena larva because it was previously shown to be involved in establishing the protein matrix prior to shell secretion (Liu et al., 2015, 2018). In Dreissena trochophores, hic31 expression is present around the margin of the shell field (Figures 3C–C″,F). Thus, gene annotations and in situ hybridization data support the identity of shell field cells for this cluster.

We identified one cluster devoid of a unique transcriptional signature (Figure 2G). These cells were considered “undifferentiated” because their GO term annotations showed that they have significant levels of regulation of DNA replication, protein synthesis, and translational initiation in the Dreissena trochophore (Figures 2G–G″). The predominant expression of such “housekeeping genes” as well as the shared expression signatures of these genes with all clusters, in combination with a lack of distinct expression of marker genes (Supplementary Figure 4 and Supplementary Tables 1–3), is a typical feature of animal cells that have not yet undergone differentiation into developmental fates and is often observed in whole-organism single cell RNA-seq datasets (Hemmrich et al., 2012; Fincher et al., 2018; Siebert et al., 2019; Duruz et al., 2020). This cluster is composed of cells with low gene counts (151–1332), suggesting that these cells lack sufficient information to robustly cluster with similar cell populations and thus could represent a clustering artifact. In this case, this cell population would be expected to disappear with more stringent filtering (min. 500 detected genes), allowing for more robust clustering of the remaining cell populations. However, removing these low information cells does not improve clustering but rather shifts the cluster boundary, resulting in a cluster of cells with less information (Supplementary Data 2). Although this may represent a technical artifact, it could also be interpreted as a real biological signal at this stage of development wherein many of the embryonic cells are in a permissive cell state prior to activating cell differentiation pathways. In addition, results from StemID, an algorithm for predicting multipotent cell identities (Grün, 2020), suggest a statistically supported link of all clusters to these cells in the trochophore stage and indicate there is a starting point for differentiation trajectories in this cluster (Supplementary Figure 3). Altogether, in silico analyses support the notion that this cluster is composed of cells which have not yet developed a unique transcriptomic signature and thus the identified developmental trajectories are differentiated from this cluster.



Pseudotime Trajectories Infer Relationships Between Cell Populations

We aimed to identify trajectories and reconstruct lineages from the cell clusters of Dreissena rostriformis trochophore larvae. While running the Monocle3 algorithm without any assumptions a priori, eight major trajectory ends could be recovered to model a differentiation tree with all cell populations and relate them to one single root, the “undifferentiated” cluster (Figure 4B). Two trajectory ends correspond to the clusters enriched with processes related to muscle development, endoderm development, and ribosomal activity (Figures 2C–D′, 3B). “Muscle” and “endoderm” originate from a common cell lineage, the corresponding cell division can be observed on the node linking these two cell types (Figure 4C). The remaining trajectories show terminal ends in neuronal and ciliary clusters (Figure 4B). The presence of multiple differentiation pathways in these clusters supports further structure within the respective cell groups. There is one trajectory linking shell field and several epidermal cells (Figure 4B). This suggests a specification pathway that employs a subset of epithelial cells destined to contribute to the shell field. To assign putative terminal fates on the lineage tree of Dreissena and link them to our annotated clusters, we analyzed defined fate maps from other mollusks and made an estimation on the expected cell types per individual (Figure 4C). We then compared the number of expected clusters from the revised lineage tree of Dreissena to the actual number of cells obtained in our dataset (Figure 4E). Thereby, the “expected” cluster cells were counted from a developmental stage that was approximately one cell division cycle younger (67 cells) than that of the “outcome” cluster (110 cells). This was done to assess whether the same cell types described in classical cell lineage studies were also recovered by our single cell RNA-seq approach. While the proportions of expected versus outcome match well for the “neuronal,” “ciliary,” and “endoderm,” the proportion of “shell field” and “muscle” cells show a higher proportion in the expected than in the actual outcome analysis. This could be due to the annotation of previously unrecognized cell types on the lineage tree from Dreissena that might affect the cluster proportions of the “outcome” (Figure 4E). For example, concerning the shell field and epidermal cells, that both derive from the ectoderm, these might not yet have undergone fate specification in the analyzed developmental stage and thus might all fall in one category (here: shell field) in the “expected” analysis. The higher value for “muscle” cells in the “expected” chart relative to the “outcome” one might be because considerably fewer cells have undergone differentiation into muscle cells, a situation that is congruent with morphological analyses that showed a strikingly simple myoanatomy of Dreissena trochophores (Meisenheimer, 1900; Pavlicek et al., 2018, unpublished observations). Overall, the trajectories traced across the whole dataset position extant clusters uniformly along each respective path. This shows that developmental trajectories are well sampled in our dataset. In addition, it confirms that our cluster annotations recover the correct proportions of expected cell types from the lineage tree and that the pseudotime analysis is a good indicator of differentiation paths in the live larva.




DISCUSSION


Verification of Cluster Identity by Ortholog Comparison Across Metazoa

The trochophore larva of the quagga mussel is comprised of well-defined features such as a shell field, a ciliated prototroch, telotroch and apical tuft, a simply-built nervous system, and a developing digestive tract (Pavlicek et al., 2018; Salamanca-Díaz et al., 2021). Our single cell transcriptomic atlas of the Dreissena trochophore provides the first detailed analysis of the transcriptomic toolkit of a larval bivalve mollusk at single cell resolution, capturing cells corresponding to each of these morphological features (Figures 4A,D). Overall, our transcriptomic annotations in the quagga mussel Dreissena rostriformis confirm that key molecular factors expressed in all clusters are comparable to other species. As such, the cells identified as “ciliary/prototroch” are enriched in genes involved in ciliogenesis and cilia movement and the development of the dynein complex known to be a crucial part of locomotion in many metazoans (King, 2012). Ciliated cells found in the annelids Platynereis dumerilii, Hydroides elegans, and Capitella teleta similarly express orthologs of Caveolin, Forkhead box J (foxJ), rshp4, dynein heavy chain 9 (DNAH9), tubulin polymerization-promoting family member 3, and tektin4 (Supplementary Figure 4 and Supplementary Tables 1–3; Arenas-Mena et al., 2007; Achim et al., 2018; Sur and Meyer, 2021). Furthermore, genes expressed in ciliary cells of Dreissena are also present in motor cilia of more distantly related organisms such as the acoel Isodiametra pulchra (i.e., Dynein heavy chain and tubulin homologs) and in ciliary band cells of the sea urchin Strongylocentrotus purpuratus (e.g., foxJ) (Duruz et al., 2020; Paganos et al., 2021). This shows that the “ciliary/prototroch” cells in our data possess a distinct transcriptomic signature indicative of the ability to produce cilia, and that at least some of this molecular program was present in the last common ancestor of bivalves, annelids, sea urchins, and xenacoelomorphs.

We identified cells that have ontology enrichment of neuroreceptors crucial for peptide signaling and factors related to mechanosensation and photosensation (Figures 2B–B″). Additionally, this cluster shows high expression of orthologs that play a role in the differentiation of the anlagen for the developing larval neurosecretory cells, e.g., FMRFamide receptor, neuronal acetylcholine receptor subunit alpha-6 and neuregulin 2, in the bivalves Macrocallista nimbosa, Mizuhopecten yessoensis, and Mytilus galloprovincialis (Supplementary Figure 4 and Supplementary Tables 1–3; Price and Greenberg, 1977; Wang et al., 2017; Gerdol et al., 2020). This indicates the presence of a neurosecretory center in this cluster that contains the key machinery for neuronal differentiation and suggests that the neuroanatomy of Dreissena trochophore larvae may be more complex than currently appreciated by morphological data using fluorescence-coupled antibody staining (Pavlicek et al., 2018).

Cells identified as “endoderm” expresses orthologs linked to protein breakdown processes and catalytic reactions which take place in the digestive system (Figures 2C–C″; Kirschke et al., 1995; Duruz et al., 2020). This is supported by the expression of crucial functional orthologs such as hepatocyte nuclear factor 4 (hnf4), hematopoietically expressed homeobox gene (hhex), and galectin. Galectin has been reported to promote phagocytosis of pathogens as a defense mechanism present in all cells and in hemocytes in adult stages, playing a role in innate immune responses and intracellular digestion in aquatic mollusks (Vasta et al., 2015). Hnf4 is considered a marker of developing endoderm since its expression has been found in gut stem cells in several metazoans (Achim et al., 2018; Wendt et al., 2020; Paganos et al., 2021; Sur and Meyer, 2021) and was highly expressed exclusively in this cluster (in a limited number of cells only). Hhex is considered a regulator of hepatocyte development in deuterostomes (Wallace et al., 2001; Evseeva et al., 2021; Paganos et al., 2021) and was also found to be expressed in cells of this cluster (Supplementary Figure 4 and Supplementary Tables 1–3). Although detection of these transcriptional markers is restricted to few cells, this is not uncommon for transcription factors, and overall the molecular fingerprint of this cluster is coherent with the developing gastrodermis.

Dreissena muscle progenitor cells consistently express common muscle and mesodermal markers. Among the gene orthologs identified in the “muscle” cluster, expression of twist, Hand, Mox, and myosin heavy chain (mhc) were detected (Figures 3A,E and Supplementary Figure 4). These genes are typically involved in mesoderm and/or muscle formation across metazoan clades (Castellani and Cohen, 1987; Ladurner and Rieger, 2000; Nederbragt et al., 2002; Dyachuk and Odintsova, 2009; Dobi et al., 2015; Achim et al., 2018; Li et al., 2019). In addition, there is gene ontology enrichment of several processes associated with muscle differentiation such as calcium ion binding and actin filament depolymerization (Figures 2D–D″).

The cluster “epidermal” shows enrichment of epidermis-related processes such as its morphogenesis and cell adhesion (Figures 2E–E″). Moreover, this cluster expresses orthologs of epidermal cells from the acoel Isodiametra pulchra and the annelid Capitella teleta that are associated with extracellular matrix factors and tight junctions such as annexin, cadherins, and claudin family members (Supplementary Figure 4 and Supplementary Tables 1–3; Duruz et al., 2020; Sur and Meyer, 2021). Claudin is a transmembrane protein that is a crucial component of tight junctions in cells and cadherins are a type of cell adhesion molecules important for epithelium formation (Broders and Thiery, 1995; Krause et al., 2008; Piontek et al., 2008; Shapiro, 2016). For annexin, while playing a role in calcium-dependent membrane-binding and constituting an ectodermal marker in several metazoans (Meyer and Seaver, 2009; Duruz et al., 2020; Sur and Meyer, 2021), our results find this gene expressed also in ciliary and shell field cells (Supplementary Figure 4 and Supplementary Tables 1–3). Hence, these shared transcriptomic signatures suggest that the precursor for both clusters have an ectodermal origin. Overall, the ortholog search supports the identity of this cluster by allowing one to one comparisons of cluster markers from different animals.

Orthologs of genes expressed in the shell field cluster that are known to play a role in early molluscan shell formation include Hox1, chitin binding protein, and hic31 (Supplementary Figure 4 and Supplementary Tables 1–3; Kakoi et al., 2008; Kin et al., 2009; Tan et al., 2017; Wollesen et al., 2018; Zhao et al., 2018; Liu et al., 2020; Salamanca-Díaz et al., 2021). Transcripts expressed here show ontology enrichment in processes such as peptide signaling and plasma membrane interactions, linking the activity of these cells to shell building mechanisms (Figures 2F–F″). However, most of the upregulated genes in this cluster do not have a known ontology term or an ortholog match with other metazoans (Supplementary Tables 1–3). Previous studies analyzing gene products expressed in shell secreting mantle tissues of various bivalves and gastropods found that, despite having a common biomineralization toolbox, the shell matrix expresses many novel, duplicated, and reorganized genes. These features have led to the conclusion that molluscan shells are “rapidly evolving” (Jackson et al., 2006; Aguilera et al., 2017; Zhao et al., 2018). This opens the possibility for further analyses in Dreissena shell field cells and to test whether these markers constitute hitherto unknown genes.



Enhancing the Cell Fate Map of Dreissena

Cell groups were linked together by tracing pseudotime trajectories across our dataset (Figure 4B). As these trajectories are represented in function of pseudotime, they can be used as a bioinformatical approximation of developmental decisions. By comparing terminal fates from other molluscan lineage trees to our results, we were able to link scRNA-seq data to the cellular lineage tree of Dreissena (Meisenheimer, 1900; Figure 1B). The “muscle” and “endoderm” clusters are separated here by a node in the scRNA-seq dataset (Figure 4B). According to cell fate maps from Dreissena and other mollusks, there is a significant portion of the endoderm that originates from mesodermal lineages (Nielsen, 2005; Kurita et al., 2009; Chan and Lambert, 2011; Gharbiah et al., 2013; Lyons et al., 2017). Therefore, since these clusters have an origin in a common cell lineage, the node between these two groups may mark the corresponding cell division visualized in the cell fate map (Figure 4C). On the other hand, the clusters seen in the rest of the built trajectories, i.e., shell field and epidermal, neuronal and ciliary/prototroch (Figures 4B,C), have their origin in macromeres composed mainly of the ectodermal germ layer (Nielsen, 2005; Kurita et al., 2009; Chan and Lambert, 2011; Gharbiah et al., 2013; Lyons et al., 2017). Furthermore, after increasing cluster resolution and analyzing ortholog gene expression in both, ciliary and neuronal cells, there was occurrence of more than one subtype in each cluster (Supplementary Figures 1I–K). This was supported by the trajectory analyses that display multiple ends in both ciliary and neuronal cells (Figure 4B). We suggest that this diversity within a cluster could represent the different subtypes of ciliary and neuronal cells seen in the live larva, i.e., apical tuft, prototroch, telotroch, FMFRamide receptor-positive and neuronal acetylcholine receptor subunit alpha-6-positive cells, respectively (Supplementary Figure 4 and Supplementary Tables 1–3). Similar cluster diversity in neuronal cell types is found in single cell datasets from other metazoans such as the annelid Capitella teleta and the sea urchin Strongylocentrotus purpuratus. All neuronal cell types of these species share a baseline transcriptomic signature, with only enough differences in expression to subdivide the overall cluster into different categories, e.g., 12 neuronal subtypes in the sea urchin and four neural subgroups in C. teleta (Achim et al., 2018; Foster et al., 2020; Paganos et al., 2021). Moreover, when analyzing the cell lineage tree of Dreissena, our data highlights that the underlying transcriptomic signature is similar across lineages that give rise to the same fate (Figure 3C).




CONCLUSION

Our analyses identified all expected major cell populations in the trochophore larva of the quagga mussel, Dreissena rostriformis (Figure 4E). When comparing our results to studies on other metazoans, we were able to support previous morphological annotations from cell groups such as “ciliary,” “neuronal,” “muscle,” “endoderm,” and “shell field.” Our cluster validations, such as the BLASTX search, GO term annotations, and in situ hybridization identified marker genes for each of these cell types. Moreover, we were able to gain a first glimpse into developmental decisions, e.g., “endoderm” + “muscle,” and cluster structure within already known cell lineages, e.g., “ciliary/prototroch” and “neuronal.” Our data demonstrate that the levels of differentially expressed genes can be used as markers to identify clusters of cells in early developmental (larval) stages of (bivalve) mollusks, thus adding these animals to the suite of taxa that can now be accessed for comparative evolutionary studies on cell type level using scRNA-seq techniques. This should ultimately lead to a better understanding as to how animals form and which genes and cell types are involved in shaping larval and adult life cycle stages across Metazoa.
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Supplementary Figure 1 | (A) Barcode plot showing the cumulative distribution of UMIs in function of barcodes. Violin plots show feature distribution for the overall data before (B) and after (C) setting thresholds to the data, and in every cluster (D) from the dataset. (E) Scatter plot showing the correlation between features, Pearson correlation is shown on top of the plot. (F) Top 2000 most variably expressed genes used for further calculation of significant principal components. Cells were filtered out based on less than 150 and more than 4000 features. (G) Elbow plot showing the standard deviations of the calculated principal components. (H) Statistics table on the single cell transcriptome libraries showing sequencing, mapping, and cell metrics summary for this study. (I–K) UMAP graphs result of an increased cluster-finding algorithm resolution with 0.7, 1, and 2 as resolution threshold, respectively.

Supplementary Figure 2 | Dataset exploration on different filtering thresholds. (A,C,D,G,H,K) Represent the data after filtering out cells with less than 300 and more than 4000 genes, resulting in 490 cells. (B,E,F,I,J,L) Represent the data after filtering out cells with less than 500 and more than 4000 genes, resulting in 430 cells. (A,B) Violin plots showing feature and count distribution for the filtered data, with more than 300 and 500 genes, respectively. (C,E) Original clustering highlighted in the filtered data, with more than 300 and 500 genes, respectively. (D–J) UMAP graphs result of an increased cluster-finding algorithm resolution in filter settings of more than 300 and 500 genes, with 0.5, 1, and 5 as resolution threshold, respectively. (K,L) Pseudotime trajectory calculations for each respective filtered data threshold.

Supplementary Figure 3 | Prediction of a stem cell-like cluster at the root of the differentiation pathways based on the initial clustering. The entropy values are shown as color of the vertices. The color of the link represents the −log10 p-value. Thickness of the link indicates the score, reflecting cell density coverage on a link.

Supplementary Figure 4 | (A) Orthologs known to be stem cell markers identified in our dataset, expressed across all clusters. (B) Dot plot of ortholog gene expression per cluster. (C) Orthologs identified in the dataset used to annotate cluster identities. (D) Dot plot of ortholog gene expression per cluster. Color intensity represents the average gene expression while circle size is the percentage of cells expressing a certain gene.

Supplementary Figure 5 | Negative controls (sense riboprobes) of in situ hybridization experiments for each randomly sampled marker gene used for cluster annotation. (A–C) Lateral views of mhc, hic31, and tsh, respectively. Anterior (A), posterior (P), ventral (V), and dorsal (D). Scale bars are 20 μm. Dotted lines indicate the outline of the shell field. Asterisk indicates the mouth opening on the left side.

Supplementary Table 1 | Gene annotations of the transcriptome used for this dataset. Annotations from Pfam, PANTHER, GO terms, and BLASTX hit from human and Crassostrea gigas orthologs are indicated in each column accordingly.

Supplementary Table 2 | Differentially expressed markers per cluster result from the output FindAllMarkers function with a cluster threshold set up to 0.5.

Supplementary Table 3 | Top 10 differentially expressed markers per cluster result from the output FindAllMarkers function with a cluster threshold set up to 0.7.

Supplementary Table 4 | List of primers and nucleotide sequence for each gene used for cloning. Forward and reverse primers used for amplifying each gene by PCR are indicated.

Supplementary Table 5 | Explored cutoffs in the dataset and the number of remaining cells of each cluster after each filtering. Thresholds were set from more than 100 genes and less than 4000 to more than 500 genes and less than 2500, respectively. Dotted lines indicate the outline of the shell field and the symbol * indicates the mouth opening on the left side.
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