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I.SI Materials and Methods 

I.1. Samples 
Symbiodiniaceae strains CCMP 2556 (D-type, genus Durusdinium) were purchased from the 

Bigelow Laboratory for Ocean Sciences (West Boothbay Harbor, ME, USA; 
https://ccmp.bigelow.org/). Cultures were grown at 24°C under a 12-h/12-h light/dark cycle at 
80 μmol m−2 s−1, in 100 mL filtered seawater in Erlenmeyer flasks. Two biological replicates were 
prepared and grown separately for 3 weeks. 

 
I.2. RNA isolation, and transcriptome sequencing 

Algal cells were collected by centrifuging from 100 mL cultures, and cells were frozen in liquid 
nitrogen and crushed in a mortar with a pestle. Total RNA was extracted using TRIzol reagent 
and Phasemaker tubes (Invitrogen, Carlsbad, CA, USA), and contaminating DNA was eliminated 
using the TURBO DNA-free kit (Invitrogen). The cDNA library was generated using the Kapa 
stranded mRNA-seq kit (Kapa Biosystems Inc., Wilmington, MA, USA) and a FastGene adapter 
kit (FastGene, Tokyo, Japan). Sequencing was performed using an Illumina NextSeq500 system 
(Illumina, San Diego, CA, USA) at a read length of 151 bp. Library preparation and paired-end 
sequencing were conducted by Bioengineering Laboratories Co., Ltd. (Kanagawa, Japan).  

 
I.3. De-novo assembly of the Symbiodiniaceae derived sequence dataset 

RNA-seq reads were quality filtered using Fastp (v0.12.6). The trimmed reads data are 
available in the DNA Data Bank of Japan (DDBJ) Sequenced Read Archive (accession No. 
DRA010343). All reads were used in de novo transcript assembly using Trinity (v2.5.1). Among 
generating 191,008 contigs, sequences containing open reading frames (OFRs) were isolated 
using Transdecoder (v5.3.0). Symbiodiniaceae derived contigs were determined by a BLASTN 
search (E ≤ 1 ×10–15) against Symbiodiniaceae transcript data of Ladner et al. (2012), Shoguchi 
et al. (2013, 2018), and Lin et al. (2015) [13,15,16,23]. Algal-derived contigs were subjected to 
the CD-hit program (v3.2.3) to remove the redundancies (identity > 95%). A total number of 
25,068 contigs were finally obtained. 
 
I.4. Detection of differentially expressed genes 

Illumina HiSeq2000 transcriptome data for symbiotic state of Durusdinium trenchii were 
obtained from the DDBJ Sequence Read Archive (accession nos. DRR119964-119967). Data 
obtained at 10th and 20 days after coral incubation with D. trenchii [10], and those obtained in 
the present study were used for DEG analysis. Quality filtered reads of D. trenchii in non-
symbiotic and symbiotic states were mapped onto the obtained algal derived contigs obtained 
using Bowtie2 (v3.2.3) [24]. The mapping results were analyzed using the eXpress program 
(v1.5.1) [25] to calculate expression levels, which were compared between the non-symbiotic and 
symbiotic states using the TCC package (v1.10.0) of R (v3.2.3) [26]; the edgeR method was used 
to determine expression variation, using the setting test method = edgeR in the estimate DE 
function, a false discover rate (FDR) < 0.05, and log2(fold change) > 1.  
To confirm the calculated RNA-Seq results, we performed bootstrap resampling of the raw read 
data, with 100 replicates per sample using the isoDE2 package [27], with 100 replicates (n = 100) 
for each free-living or symbiotic sample (duplicate) to examine the expression changes between 
these states. Since the bootstrap resampling results showed considerable variation among 
replicates for the data collected at day 10 of symbiosis, we eliminated these data from our analysis 
to detect changes related to symbiosis. T-test using 100 resampling result in generate undetectable 
lower p-values of most genes, so 10 data was randomly selected from 100 resampling data and t-
test was performed. Differences in the mean (among 100 replicates) expression of each gene 
between the two states were detected using Student’s t-test (P < 0.025). The P value was set to 
correspond to the number of DEGs detected in edgeR analysis (q = 0.01). These obtained DEGs 
were compared with those detected by the TCC analysis, and those in common were selected. We 
also selected genes with an expression change of log2(fold change) > 1 between states. To 



estimate the function of each DEG, we performed a BLASTx search using the BLAST+ program 
(v2.2.31+) against the UniProtKB and Swiss-Prot databases with a cut-off of E ≤ 1 × 10–4. 
Enrichment analysis was performed using DAVID software (v6.8)[28]. As a background dataset 
for this analysis, we used the annotation results of all Durusdinium sequences isolated in this 
study. We focused on the gene ontology (GO) term “biological process category” and confirmed 
significantly enriched GO terms (P < 0.05) among all up- and downregulated DEGs. The enriched 
GO terms were visualized as a tree map plot using the ReviGO [29]. Genes associated with the 
enriched GO term were extracted and their expression levels reconfirmed and visualized as a 
heatmap (Figure S1). Normalized FPKM values of the DEGs were converted to Z scores and 
plotted using the heatmap.2 function in R. 
 
I.5. Phylogenetic analysis of dapdiamide A synthase 

Among the DEGs, we focused on two dapdiamide A (antibiotic) synthetase genes that are 
characteristic of Dursdinium. A phylogenetic analysis of dapdiamide A synthase was performed 
using the homologous gene sequences from diverse organisms to confirm that the genes were 
derived from Durusdinium rather than from bacteria. Two isoforms of dapdiamide A synthase 
(TRINITY_DN38519_c0_g1_i5.p1 and TRINITY_DN38519_c0_g1_i1.p1) were isolated from 
Durusdinium and used to isolate homologues via a BLASTp search against the National Center 
for Biotechnology Information (NCBI) non redundant database. We retrieved 1,000 sequence hits 
using a cut-off of E ≤ 1 × 10–34. The resulting sequences were derived from eukaryotes, 
prokaryotes, and archaeans. For each gene set, the CD-HIT program (v.4.7) was used to cluster 
nucleotide sequences of ≧ 98% similarity, and retained a representative sequence from each 
cluster, resulting in 104 (+11) eukaryotic sequences including 11 from Symbiodiniaceae and 475 
eubacterial sequences. To further reduce the number of eubacterial sequences used for 
phylogenetic analysis, sequences were extracted every 20 columns from the list of eubacterial 
sequences, to obtain a total of 23 sequences. The top 10 eubacterial sequence hits in the first 
BLASTp search were added to create a list of eubacterial sequences. We also included 3 archaeal 
sequences, 11 Symbiodiniaceae genes that were also included in the first BLASTp search result, 
and 2 Durusdinium genes isolated from the present study to create a dataset of 142 sequences for 
phylogenetic analysis. The sequences were then aligned using the MAFFT (v.7.475)[30]. 
Ambiguous and poorly aligned sites were removed using the TrimAI program (v.1.4, rev15) with 
the “-gappyout” option.[31]. We removed 25 sequences containing many ambiguous sites from 
the alignment results, and finally obtained 117 sequences with 318 amino acids for phylogenetic 
analysis. IQ-Tree software (v.1.5.5) was used to infer the maximum likelihood (ML) tree in 
ultrafast bootstrap analysis with 100 replicates. 
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Supplementary Figure S1
Number of differentially expressed genes (DEGs) identified by comparing non-symbiotic and symbiotic Durusdinium using edgeR
method and Student’s t-test with bootstrap resampling data. A total of 4,587 DEGs were common between both analyses and 1,214 
genes had log2(fold change) > 1 between the two states. Among the 1,214 genes, 189 were upregulated and 1,025 were downregulated 
during endosymbiosis establishment.



Supplementary Figure S2
The results of GO (gene ontology) analysis using down-regulated 1,025 DEG and up-regulated 
189 DEG against all DurusdiniummRNA sequence isolated our studies. The top enriched GO 
terms for upregulated genes included photosynthetic electron transport in photosystem II, positive 
regulation of GTPase activity, protein–chromophore linkage, and photosynthesis. Seven processes 
were related to downregulated DEGs, including microtubule-based processes, small GTPase-
mediated signal transduction, mRNA splicing via spliceosome, anion transport, peptidyl-cysteine 
S-trans-nitrosylation, chaperone-mediated protein folding, and protein folding.




