The genome of a giant clam zooxanthella (Cladocopium infistulum) offers few clues to adaptation as an extracellular symbiont with high thermotolerance
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Supplemental Materials and Methods
Microalgal culture and DNA extraction
Cladocopium infistulum strain rt-203 was originally isolated from a giant clam (Hippopus hippopus) in Palau in 1982 (1). A monoclonal culture was established in ASP-8A artificial seawater media. The culture has been maintained continuously via bimonthly transfers to fresh media in an incubator held at 26 °C and illuminated by white fluorescent light (~100 μmol photons m−2 s−1 under a 12:12 h light:dark cycle). To acquire high molecular weight DNA for genome sequencing, a cesium-chloride (CsCl) extraction was performed as described by (1). Briefly, 1-2 g of algal cells were frozen in liquid nitrogen, ground using a mortar and pestle, and thawed in 20 mL of extraction buffer (5 M guanidine thiocyanate, 10 mM Na2-EDTA, 50 mM HEPES pH 7.6, and 5% by volume β-mercaptoethanol). The mixture was rendered to 4% sarcosyl by volume and stirred for 1 h, then centrifuged at 8,000 RCF for 5 min at 4 °C. Solid CsCl was added to the supernatant to a final concentration of 1.5 M and stained with ethidium bromide. In a tube, the solution was layered onto a cushion of 5.7 M CsCl (9 mL solution to 3 mL cushion), then centrifuged in a fixed-angle rotor for 16 h at 130,000 RCF. The portion of the gradient containing the DNA band was isolated and the stain was washed off with water-saturated butanol. The sample was dialyzed overnight in 2 L of 1 × TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) at 4 °C. Next, 1/10 volume of 3 M sodium acetate and 2 volumes of 100% ethanol were added to precipitate DNA. After another centrifugation step, the DNA pellet was lyophilized and resuspended in 500 μL 0.1 × TE.


Genome sequencing and assembly
Whole-genome sequencing was conducted at the Genomics Core Facility of the Pennsylvania State University. The quality of the extracted genomic DNA was checked using an Agilent Genomic DNA ScreenTape System. Short-read sequence data (2 × 149 bp reads, 300 bp insert length) were generated using paired-end libraries on the Illumina NextSeq 550 platform. Long-read sequence data were generated on a PacBio Sequel system. All generated sequence data is summarized in Supplementary Table 1.
FastQC v0.11.9 (bioinformatics.babraham.ac.uk/projects/fastqc) was used to determine the quality of the raw paired-end data. Trimmomatic v0.39 (2) was used for subsequent trimming with the settings: ILLUMINACLIP:[AdapterFile]:2:30:10 SLIDING WINDOW:4:25 AVGQUAL:30 MINLEN:80. Trimmed read-pairs and long reads were incorporated in two hybrid de novo genome assemblies, one produced with MaSuRCA 3.4.2 (3) and the other with HASLR v0.8a1 (4). PacBio long reads were used to further scaffold the HASLR assembly with LRScaf v1.1.10 (5), aligning the reads to the draft assembly with minimap2 v2.19 (6). Both hybrid assemblies were combined into a non-redundant assembly using quickmerge v0.3 (7). The length cutoff for anchor contigs was derived from the N50 (135 kbp) of the ‘reference’ HASLR assembly. Sequences shorter than 1,000 bp were removed from the assembly.

Gene prediction
For consistency in genome comparisons, gene prediction was completed using the same comprehensive gene prediction workflow that has been implemented in most Symbiodiniaceae genome assemblies to date (8), available at github.com/TimothyStephens/Dinoflagellate_Annotation_Workflow. First, RepeatModeler v2.0.1 (repeatmasker.org/RepeatModeler) was used to identify repeat families de novo. The predicted repeats were added to the RepeatMasker database release 20200818 and used for masking with RepeatMasker v4.1.0 (repeatmasker.org). Masked sequences were used in the subsequent steps for gene prediction. The scripts calcDivergenceFromAlign.pl and createRepeatLandscape.pl from RepeatMasker were used to calculate Kimura distances for sequences of each repeat type and to generate a repeat landscape for each genome, respectively.
As transcript evidence for gene prediction, transcriptome data were taken from several former studies that examined other members of Cladocopium (9-13) (Supplementary Table 2). All datasets were concatenated and vector contaminants were removed, along with low-complexity and low-quality sequences, using SeqClean (sourceforge.net/projects/seqclean) and the UniVec database build 10.0. To predict coding sequences (CDS), PASA v2.4.3.1 (14), modified to recognize dinoflagellate unconventional intron-exon boundaries, and TransDecoder v5.5.0 (github.com/TransDecoder/TransDecoder) were used. Predicted CDS were searched (BLASTp, e-value  ≤  10− 20) against the RefSeq protein database (release 210). Those CDS having a hit with > 80% coverage of the target protein sequence in the database (i.e., nearly full-length) were retained for subsequent analyses.
A search for transposable elements (TEs) in the nearly full-length gene sequences was performed using HHblits v2.0.15 (probability = 80% and E-value = 10− 5) and the JAMg transposon database (sourceforge.net/projects/jamg/files/databases), and separately using TransposonPSI (transposonpsi.sourceforge.net). Gene models containing TEs were removed from the gene set, and redundancy was reduced using cd-hit v4.8.1 (15) (ID = 75%). An adjustment to the script prepare_golden_genes_for_predictors.pl from the JAMg pipeline (jamg.sourceforge.net) was made to recognize GA donor splice sites; the script was run to select a set of ‘ideal genes.’ These were used to train AUGUSTUS v3.3.3 (16), also altered to recognize the non-canonical dinoflagellate splice sites, and SNAP v2006-07-28 (17). The soft-masked genome assembly was used as input for the self-training algorithm of GeneMark-ES v4.59 (18). For additional gene prediction, three input files were provided to MAKER v3.01.03 in the protein2genome mode (19). The input files included: 1) the custom repeat library (see above), 2) a training set consisting of Swiss-Prot proteins (downloaded on 24 August 2020), and 3) a list of predicted proteins of Symbiodiniaceae (Supplementary Table 3). The code in EvidenceModeler v1.1.1 (20) was modified to recognize GA donor splice sites, and the program was used to combine the predicted gene models of PASA, SNAP, AUGUSTUS, GeneMark-ES, and MAKER into a single set of genes, setting the weightings as follows: PASA 10, MAKER 8, AUGUSTUS 6, SNAP 2, and GeneMark-ES 2. Only those genes predicted with transcript evidence (i.e., by PASA) or by at least two ab initio predictors were included in the final gene models.

Removal of microbial and organellar sequences
Putative microbial contaminant sequences were removed from the genome assembly using BlobTools v1.1 (21). Briefly, the trimmed read pairs and the PacBio subreads were aligned against the genome assembly using BWA v0.7.17 (22) and BLASR v5.3.2 (23), respectively, to generate two mapping files. To generate the hits file, the assembly sequences were searched against the pre-formatted NCBI nt BLAST database (downloaded on 21 June 2021) implementing the megablast algorithm of BLASTn v2.10.1 (24), filtering out hits with e-value > 10-25, keeping a maximum of ten aligned sequences, and saving only the highest scoring pair per query sequence. The assembled sequences, the two mapping files, and the BLAST output were used to generate a blob plot (Supplementary Figure 1), which visualizes annotation information, G+C content, and read coverage. After inspecting the blob plot, sequences were removed if they were annotated as belonging to bacteria or viruses or if both G+C content > 50% and average read coverage >100-fold, as they were unlikely to be of Symbiodiniaceae origin.
A subsequent search and retrieval of organellar sequences was performed. To identify and remove chloroplast sequences, the genome was searched using Cladocopium C3 minicircle sequences (25) as queries in a BLASTn search (e-value ≤ 10-10) against the genome assembly and putative microbial contaminants; no hits were found. In the same manner, mitochondrial sequences were identified and removed by screening with putative Cladocopium mitochondrial sequences (downloaded from GenBank on 12 July 2021, entrez query: (“Cladocopium”[Organism] OR cladocopium[All Fields]) AND mitochondria[filter]; Supplementary Table 4). All seven scaffolds in the genome assembly with mitochondrial hits also contained other predicted genes and were thus considered part of the nuclear genome. Likewise, one of the putative mitochondrial scaffolds found among the contaminant sequences, annotated as a sequence from proteobacteria (from which mitochondria originated), also contained eukaryotic-like genes and a similar G+C content to the C. infistulum assembly; therefore, this sequence was placed back into the nuclear assembly. All other sequences with mitochondrial hits that were initially considered as contaminants were designated as part of the mitochondrial genome.

Completeness assessment, annotation of gene functions, and pseudogene screening
Completeness of the C. infistulum and other Cladocopium genome assemblies (8, 12, 26, 27) was assessed using BLASTp searches (e-value ≤ 10− 5, ≥ 50% query/target sequence cover) of the predicted proteins of each genome as query against the BUSCO eukaryota_odb10 dataset (28) and the core eukaryotic genes from CEGMA (29). Transcript support for predicted genes was established based on a BLASTn (e-value ≤ 10− 5) similarity search, querying the clean transcript sequences from other studies (Supplementary Table 2) against the predicted CDS from this study. Genes for which CDS were hit by transcripts with at least 50% of sequence cover and 90% identity were considered as supported by transcript data.
Gene function was annotated based on sequence similarity searches, in which the predicted protein sequences were used as query (BLASTp, e-value  ≤ 10− 5, minimum query or target cover of 50%) against the manually curated Swiss-Prot database, and those with no Swiss-Prot hits were subsequently searched against TrEMBL (both databases downloaded from UniProt on 8 September 2021). The best UniProt hit with associated Gene Ontology (GO) terms was used to annotate the query protein with those GO terms using the UniProt-GOA mapping (downloaded on 10 August 2021). Pfam domains (30) were searched in the predicted proteins using PfamScan (e-value ≤ 0.001) (31) and the Pfam-A database (downloaded on 5 August 2020). KEGG Orthology (KO) terms designation was performed by querying the predicted protein sequences on blastKOALA (32) selecting “Eukaryotes” as taxonomy.
A genome-wide search for pseudogenes was performed following an approach previously implemented for Symbiodiniaceae (33, 34). A tBLASTn search was used to query the predicted proteins from each Cladocopium genome against their corresponding gene-masked genome sequences as targets. Matches with ≥ 75% identity were treated as pseudogene regions and neighboring matches on the same strand and within 1 kbp (either up- or down-stream) were considered as part of the same pseudogene.


Orthogroup analyses and selection tests
To identify orthogroups from the C. infistulum and other Symbiodiniaceae genomes (Supplementary Table 5), inferred proteins were assessed pairwise for sequence similarity using OrthoFinder v2.5.4 (35). The functions encoded in orthogroups and single-copy genes exclusive to C. infistulum were retrieved from the annotations described above. Orthogroup expansion/reduction in C. infistulum relative to other Cladocopium genomes was assessed pairwise using a two-tailed Fisher’s exact test adjusting p-values for multiple testing according to the Bejamini-Hochberg method (36); orthogroup sizes with padj ≤ 0.05 were considered significantly different.
Following a pipeline that has previously been applied to alveolates (37), likelihood-ratio tests (LRTs) between branch models (38) were used to identify protein-coding genes under selection in C. infistulum relative to the other Symbiodiniaceae (Supplementary Table 5). For this, only orthogroups with at least 5 single-copy orthologs were included. For each of these orthogroups, multiple-sequence alignment of the corresponding proteins were performed using Clustal Omega v1.2.4 (39). The outputs were then converted to codon alignments without gaps and in-frame stop codons using PAL2NAL v14 (40). A Maximum Likelihood (ML) tree was built for each orthogroup using RAxML v8.2.12 (41), setting the program to use the rapid bootstrap analysis and best-scoring tree search, 100 alternative runs on distinct starting trees, and the GTR substitution model (with optimization of substitution rates and a GAMMA model of rate heterogeneity with estimated 𝞪). To test the null hypothesis that C. infistulum genes are evolving neutrally, codeML v4.8a (42) as implemented by ete-evol v3.1.2 (43) was run, selecting the b_neut model (𝟂 = 1) as null hypothesis and the b_free model (allowing 𝟂 to vary) as the alternative hypothesis, with C. infistulum as foreground. The p-values were adjusted for multiple testing using the Bonferroni correction. Genes were assumed to be evolving neutrally if padj-value > 0.05, to be under positive selection if 𝟂 > 1 and padj-value ≤ 0.05, and to be under negative selection if 𝟂 < 1 and  padj-value ≤ 0.05.
Separately, pairwise dN/dS ratios were estimated to identify genes under positive selection in C. infistulum relative to the other Cladocopium, and to contrast positively selected genes of extracellular and intracellular symbionts in this genus. To do this, codeML v4.8a (42) was run on single-copy orthologs for the corresponding pair of genomes with settings in the control file as shown in Supplementary Table 14. Spurious dN/dS ratios were then filtered out (44, 45) based on the following criteria: very closely related orthologs (i.e., sequence identity > 95%), lack of substitutions (i.e., dN or dS = 0), substitution saturation (i.e., dN or dS > 2), or extreme dN/dS ratios (dN/dS > 10). From the remainder, genes with dN/dS > 1 were considered to be under positive selection.

Genome size estimation and analyses of genome duplication
Genome size and sequence-read coverage were estimated based on k-mer frequency distributions from the trimmed read-pairs and single-end reads, and from the corrected long reads output by MaSuRCA. The k-mers from these data were counted using Jellyfish v2.3.0 (46) across a range of k values (17 to 31, step = 2) and the distribution was plotted using GenomeScope 2.0 (47) with ploidy set to 1. The average estimates of genome size and read coverage calculated across a range of k values were reported (Supplementary Table 6).
Evidence of whole-genome duplication (WGD) was assessed using two approaches. First, GenomeScope 2.0 was implemented as described above, except the ploidy was set to 2 to compare the fitted models between the two distinct ploidies. Second, synonymous substitution rates (KS) of gene paralogues were estimated using wgd v1.1 (48). As a preliminary exploration of genome duplication, the unmasked C. infistulum assembly was subject to whole-genome sequence alignment against itself using nucmer v4.0.0rc1 (49). Alignments were filtered to keep only those with a length of at least 10 kbp. A dot plot visualization of the filtered alignments was produced with the online interactive tool Dot (dot.sandbox.bio). A more in-depth search for segmental duplications was conducted using SEDEF v1.1-34-g09e65b7 (50), with additional filtering to keep only duplicated blocks with 1) at least 90% identity not including gaps (fracMatch ≥ 0.9), 2) at most 50% gapped sequence in the alignment (aln_gap_bases/aln_len ≤ 0.5), and 3) at least 1 kbp of aligned sequence in one of the mates (max_len ≥ 1000). Then genes that overlapped with the duplicated regions were identified and analyzed for functional enrichment of GO terms and Pfam domains associated with biological processes (BP), molecular functions (MF), and cellular components (CC). For this, a one-tailed Fisher’s exact test was applied separately for each type of annotation, in which annotated genes overlapping with segmental duplications were compared against all annotated C. infistulum genes as background. The p-values were adjusted for multiple testing using the Benjamini-Hochberg method; comparisons with padj ≤ 0.05 were considered significantly enriched. Additionally, searches were performed for intragenomic collinear syntenic blocks of at least 5 genes in the same order and genes repeated in tandem using MCScanX (51).

Assessment of genome divergence across Cladocopium
Genome similarity and divergence within Cladocopium were explored using several approaches. First, whole-genome sequence alignment of the four available assemblies (C. infistulum, C. proliferum, Cladocopium C15, and Cladocopium sp. Y103) was conducted using nucmer v4.0.0rc1 (49), selecting the option (--mum) for anchor matches that are unique in both reference and query sequences. Then, BWA v0.7.17 (22) was used to map the filtered short reads of C. infistulum against the genomes of the three other Cladocopium species, and against itself, to corroborate its genome sequence divergence.
Sequence divergence within Cladocopium was compared by implementing an alignment-free approach based on k-mers (52). For this analysis, the repeat-masked genome assemblies of the four Cladocopium species were used along with another four Symbiodinium species with a comparable divergence time (~4.8 million years; (53)) as an outgroup: S. linucheae, S. microadriaticum, S. necroappetens, and S. tridacnidorum (26, 34, 54). Briefly, k-mers from each assembly were counted using Jellyfish v2.3.0 (46) across a range of k values (11 to 101, step = 2). The analysis found k = 25 to represent an appropriate level of uniqueness among these eight genomes according to the fractions of unique and distinct k-mers (Supplementary Figure 2). Next, pairwise D2S distances between all eight genomes were calculated using the Calculate_D2S.py script from the Alignment-Free Tools suit (github.com/chanlab-genomics/alignment-free-tools). The resulting distances were analyzed in the NEIGHBOR program of PHYLIP v3.697 (55), run at default settings to construct the original Neighbor-Joining (NJ) tree. In addition, 100 jackknife pseudoreplicates of the original tree were generated to assess node support. To do this, each genome assembly was reduced to 40% of its total length by randomly removing 10 kbp fragments iteratively per pseudoreplicate using the script JackknifePseudoreplicate.pl (github.com/RaulGoch/C.infistulum_genome). Phylogenomic distances and trees were produced for each jackknife pseudoreplicate as described above for the original tree. An average tree was constructed using the mean of each pairwise distance between the eight genomes from all 100 pseudoreplicates. Support for each node of both the original and average trees was calculated from the 100 jackknife trees using the averageTree function of the phytools v1.2-0 package implemented in R v4.2.2.
Finally, mutational bias and codon usage were compared in the predicted CDS of all four Cladocopium genomes. Only full-length CDS were considered—those within frame and with start and stop codons, retrieved using the script FullLengthCDS.pl (github.com/RaulGoch/C.infistulum_genome). The commands cusp and chips from the EMBOSS v6.6.0 tool suite (emboss.sourceforge.net) were used to estimate codon usage and effective number of codons used (Nc) for each genome, respectively.
Targeted characterization of symbiosome genes, light genes, and stress response genes
The number of orthologs of symbiosome membrane proteins (56), specifically those of non-animal origin, were compared between extracellular and intracellular Cladocopium genomes. The predicted protein sequences from all four Cladocopium genomes were queried against putative algal and microbial symbiosome sequences (Supplementary Table 7) using BLASTp v2.10.1 (e-value ≤ 10-5); only those sequences that aligned with at least 50% of target sequence-length cover were considered putative orthologs. Additional searches were performed for genes annotated with GO terms related to functions that are expected of proteins in Symbiodiniaceae-derived membranes of the symbiosome (Supplementary Table 8), including nitrate/nitrite reduction and transport of sterol, ammonium, nitrate, urea, amino acids, oligopeptides, sulfate, bicarbonate, and glucose (57-60). Searches were also made for orthologs of genes implicated in light response that have been characterized in symbiodiniacean symbionts of clams (61-67) (Supplementary Table 9), using BLASTn v2.10.1 (e-value ≤ 10-10) with predicted CDS from Cladocopium genomes as query and the gene sequences as target. Genes annotated with GO terms associated with response to stress (34) were identified with the same approach (Supplementary Table 10). Representation of GO terms related to host-symbiont interaction and stress response were assessed through heatmaps and hierarchical clustering by species.
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