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Abstract
Background  Cladocopium infistulum (Symbiodiniaceae) is a dinoflagellate specialized to live in symbiosis with 
western Pacific giant clams (Tridacnidae). Unlike coral-associated symbionts, which reside within the host cells, C. 
infistulum inhabits the extracellular spaces of the clam’s digestive diverticula. It is phylogenetically basal to a large 
species complex of stress-tolerant Cladocopium, many of which are associated with important reef-building corals in 
the genus Porites. This close phylogenetic relationship may explain why C. infistulum exhibits high thermotolerance 
relative to other tridacnid symbionts. Moreover, past analyses of microsatellite loci indicated that Cladocopium 
underwent whole-genome duplication prior to the adaptive radiations that led to its present diversity.

Results  A draft genome assembly of C. infistulum was produced using long- and short-read sequences to explore the 
genomic basis for adaptations underlying thermotolerance and extracellular symbiosis among dinoflagellates and 
to look for evidence of genome duplication. Comparison to three other Cladocopium genomes revealed no obvious 
over-representation of gene groups or families whose functions would be important for maintaining C. infistulum’s 
unique physiological and ecological properties. Preliminary analyses support the existence of partial or whole-
genome duplication among Cladocopium, but additional high-quality genomes are required to substantiate these 
findings.

Conclusion  Although this investigation of Cladocopium infistulum revealed no patterns diagnostic of heat tolerance 
or extracellular symbiosis in terms of overrepresentation of gene functions or genes under selection, it provided a 
valuable genomic resource for comparative analyses. It also indicates that ecological divergence among Cladocopium 
species, and potentially among other dinoflagellates, is partially governed by mechanisms other than gene content. 
Thus, additional high-quality, multiomic data are needed to explore the molecular basis of key phenotypes among 
symbiotic microalgae.
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Background
Dinoflagellates in the family Symbiodiniaceae–com-
monly known as ‘zooxanthellae’–establish mutualisms 
with corals and many other invertebrates [1]. These pho-
tosynthetic dinoflagellates provide beneficial organic 
nutrients and oxygen to their hosts; in turn, the hosts 
provide inorganic nutrients and a sheltered habitat that 
maximizes light exposure [2–5]. Such associations facili-
tate host growth in nutrient-poor waters, and calcifica-
tion in the case of reef-building corals, making them 
foundational to the existence of coral reef ecosystems 
worldwide. Given the ecological abundance and impor-
tance of symbiodiniacean mutualisms, along with their 
sensitivity to thermal anomalies, ongoing research seeks 
to understand the cellular and molecular bases of these 
endosymbioses, especially in the context of global climate 
change (e.g., [6–8]). To this end, comparative genomics 
can provide further insight [9, 10].

For coral-Symbiodiniaceae associations, where the 
symbiont cell resides within a host cell vacuole, mecha-
nisms that facilitate successful mutualisms include host 
recognition [11], phagosome/lysosome arrest [12, 13], 
and metabolic exchange [14], among others [15]. The 
genomes of symbiotic species exhibit possible adapta-
tions important to intracellular symbiosis, such as an 
extensive repertoire of transmembrane transporters 
[16]; and structural changes to the genome potentially 
as a byproduct of an intracellular lifestyle, such as an 
increased frequency of duplicated regions, structural 
rearrangements, mobile elements, and pseudogenes [9, 
17]. However, not all symbiodiniacean mutualisms are 
intracellular. A minority are extracellular, where sym-
bionts reside outside of the host cell within specialized 
tubular structures [5, 18–20], and their genomic charac-
teristics have yet to be explored with this ecophysiologi-
cal context in mind.

The family Symbiodiniaceae encompasses multiple 
genera, each containing numerous species with distinct 
physiologies and unique ecological niches [21]. The genus 
Cladocopium (formerly known as Symbiodinium Clade 
C) is the most evolutionarily derived and genetically 
diverse genus of symbiotic dinoflagellates. It also has the 
broadest geographic and ecological distribution [22–25]. 
One of the few Cladocopium species that grows in arti-
ficial culture media is Cladocopium infistulum (ITS2 
type C2; [26]). This specialized symbiont occurs only in 
giant clams (Tridacnidae) in the western tropical Pacific 
Ocean. Unlike the intracellular symbionts of other hosts, 
this species lives extracellularly within digestive diver-
ticula, which are fine, densely branching tubules in the 
clam’s mantle [5, 18, 20]. The siphonal mantle of giant 
clams evolved these structures and enlarged lobes that 
function like “solar panels” to facilitate symbiont photo-
synthesis [5, 20, 27].

Cladocopium infistulum dominates clams that occur 
in warm lagoonal habitats of Palau, indicating that it is 
adapted to high temperature [26, 28]. Phylogenetically, 
it is positioned at the base of the C15 radiation [22]; 
this group consists of multiple species that associate 
with Indo-Pacific Porites corals, which are known to be 
relatively heat-tolerant [29]. There is broad speculation 
regarding the genetic underpinnings of symbiodiniacean 
thermotolerance [30, 31], but mechanisms related to gen-
eral stress response appear to play a central role, espe-
cially among members of the genus Cladocopium [32]. 
Although most dinoflagellates are haploid [33], isoclo-
nal cultures of Cladocopium show consistent patterns of 
biallelic microsatellite loci [34, 35]. Such patterns suggest 
either large partial duplication or whole-genome duplica-
tion (WGD) in the ancestral lineage of this genus. Such a 
duplicated genome may have contributed to the eventual 
ecological and geographic dominance of Cladocopium.

The unique biology and phylogenetic position of C. 
infistulum justify genome sequencing and comparative 
analyses to better understand aspects of Symbiodiniaceae 
ecology and evolution. Here, a draft genome assembly of 
C. infistulum (culture RT-203) was generated and com-
pared to congeners with different life histories (extra-
cellular and intracellular), hosts (clams and corals), and 
physiologies (thermosensitive and thermotolerant). The 
analyses focused on two key questions: is there over-
representation of genes in cellular processes indicative 
of extracellular symbiosis and thermotolerance? And do 
patterns of synteny and paralog divergence provide evi-
dence for genome duplication?

Methods
The experimental protocol is summarized here briefly; 
for a complete description of all steps and programs, see 
the Supplementary Materials and Methods. The associ-
ated code is available at https://github.com/RaulGoch/C.
infistulum_genome.

Microalgal culture and DNA extraction
Cladocopium infistulum strain RT-203 (Fig. 1) was origi-
nally isolated from a giant clam (Hippopus hippopus) in 
Palau in 1982 and has been maintained in continuous 
culture via bimonthly transfers to fresh ASP8-A media 
in an incubator held at 26  °C and illuminated by white 
fluorescent light (4∼ 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 
extraction was performed as described by [36].

Genome sequencing and assembly
Whole-genome sequencing was conducted at the Penn-
sylvania State University Genomics Core Facility. Short-
read sequence data (2 × 149  bp reads, 300  bp insert 
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length) were generated using paired-end libraries on the 
Illumina NextSeq 550 platform; long-read sequence data 
were generated on a PacBio Sequel system (Supplemen-
tary Table 1). After cleaning and quality control, short 
and long reads were combined and run through two dif-
ferent programs to create two hybrid de novo genome 
assemblies, which were then merged.

Gene prediction
For consistency in genome comparisons, gene predic-
tion was completed using the same comprehensive gene 
prediction workflow that has been implemented in most 
Symbiodiniaceae genome assemblies to date [37], avail-
able at https://github.com/TimothyStephens/Dinofla-
gellate_Annotation_Workflow. In addition to ab initio 
prediction, the workflow incorporated transcript evi-
dence taken from available transcriptome data from 
other members of Cladocopium (Supplementary Table 
2). The workflow used a series of programs to identify 
and remove repeats and transposable elements prior to 
gene prediction. It also contained modifications to recog-
nize unconventional dinoflagellate intron-exon boundar-
ies [38]. As input for gene prediction, the pipeline used 
a custom repeat library, protein sequences from the 
curated Swiss-Prot database, previously predicted Sym-
biodiniaceae protein sequences from other studies (Sup-
plementary Table 3), and a high-confidence set of genes 
derived from transcript alignment for training. The out-
put from multiple programs was then weighted, and only 

those genes predicted with transcript evidence 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 a blob plot (Supple-
mentary Fig. 1), which visualized taxonomic assignment, 
G + C content, and read coverage. After inspecting the 
blob plot, sequences were removed if they were anno-
tated as belonging to bacteria or viruses or if both GC 
content > 50% and average read coverage > 100-fold, 
as they were unlikely to be of Symbiodiniaceae ori-
gin. To identify and remove chloroplast sequences, the 
genome was searched using Cladocopium C3 minicir-
cle sequences as queries [39]; no similar BLASTn hits 
were found. Mitochondrial sequences were identified 
and removed by screening with putative Cladocopium 
mitochondrial sequences retrieved from the NCBI data-
base (Supplementary Table 4). With the aim to recover 
sequences after removal, contaminant and organellar 
sequences were further scrutinized by looking at the 
number of predicted genes they contained (Supplemen-
tary Fig.  2). Eight scaffolds with mitochondrial BLAST 
hits were retained as part of the nuclear genome because 
they also contained other non-mitochondrial genes.

Fig. 1  Cladocopium infistulum is a symbiont of giant clams. (A) Color variants of the smallest giant clam species, Tridacna crocea, from the rock islands 
habitats of Palau. (B) Scanning electron microscopy (SEM) images of motile cells of C. infistulum. Inset shows the ventral and dorsal sides of this dinoflagel-
late species from [26]. Clam images were taken by Allison M. Lewis, Pennsylvania State University, and SEM micrographs were taken by Sung Yeon Lee, 
Seoul National University
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Completeness assessment, annotation of gene functions, 
and pseudogene screening
Completeness of the C. infistulum and other Clado-
copium genome assemblies [10, 40, 41] was assessed 
using BUSCO v5.7.1 [42]. Gene function was annotated 
based on sequence similarity searches against the manu-
ally curated Swiss-Prot protein database; those with no 
hits were searched against the TrEMBL database. The 
best hit with associated Gene Ontology terms was used 
to annotate the query protein. Pfam domains and KEGG 
Orthology terms were assigned to each protein using 
their respective search tools. A genome-wide search 
for pseudogenes was performed following an approach 
previously implemented for Symbiodiniaceae [9, 43], in 
which the predicted proteins from each genome were 
queried against the corresponding gene-masked genome 
sequences as targets. Matches with ≥ 75% identity were 
treated as pseudogene regions and matches on the same 
strand and within 1 kbp 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. The functions encoded in orthogroups and sin-
gle-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 an 
adjusted two-tailed Fisher’s exact test. Following a pipe-
line that has previously been applied to alveolates [44], 
likelihood-ratio tests between branch models were used 
to identify protein-coding genes under selection in C. 
infistulum relative to the other Symbiodiniaceae (Supple-
mentary Table 5). The pipeline included sequence align-
ment, construction of a Maximum Likelihood tree for 
each orthogroup, and calculation of dN/dS ratios (where 
dN/dS > 1 is indicative of positive selection). These ratios 
were also calculated to test for directional selection pair-
wise between sets of extracellular species (C. infistulum 
and Cladocopium sp. Y103) and intracellular species 
(Cladocopium proliferum and Cladocopium C15).

Genome size estimation and analyses of genome 
duplication and synteny
Genome size and sequence-read coverage were estimated 
based on k-mers (i.e., all possible substrings of length k 
within the DNA sequence), specifically the k-mer fre-
quency distribution from the trimmed short read-pairs, 
single-end reads, and corrected long reads (Supplemen-
tary Table 6). Evidence of whole-genome duplication 
(WGD) was assessed first by comparing fitted k-mer 
models between the two distinct ploidies (1 for haploid 

and 2 for diploid), and second by comparing synonymous 
substitution rates (KS) of gene paralogs. As a prelimi-
nary exploration of genome duplication, the unmasked 
C. infistulum assembly was subject to whole-genome 
sequence alignment against itself, followed by a segmen-
tal duplication analysis using the program SEDEF [45]. 
Then genes that overlapped with the duplicated regions 
were identified and analyzed for functional enrichment of 
GO terms and Pfam domains. The analysis used adjusted 
one-tailed Fisher’s exact tests, in which annotated genes 
overlapping with duplicated regions were compared 
against all annotated C. infistulum genes as background. 
Additional searches were performed to detect intrage-
nomic collinear syntenic blocks of at least five genes in 
the same order as well as genes repeated in tandem.

Assessment of genome divergence across Cladocopium
To explore genome similarity and divergence within 
the genus, genome data from four Cladocopium species 
(Supplementary Table 5) were used: C. infistulum (‘Cin’; 
this study), C. proliferum (‘Cpr’) [10, 37], Cladocopium 
C15 (‘C15’) [40], and Cladocopium sp. Y103 (‘Csp’) [41]. 
These species encompass a range of symbiont niches 
and hosts. Cladocopium proliferum is a host generalist 
among scleractinian corals in the Indo-Pacific [25], and 
the strain SCF055-01 was originally recovered from an 
Acropora tenuis coral at Magnetic Island, Australia, and 
has shown resilience to heat stress under experimental 
conditions [46]. Members of Cladocopium C15, which 
encompasses several species, broadly associate with 
Porites corals in the Indo-Pacific [22]. Cladocopium C15 
commonly confer thermotolerance to their coral hosts 
[29, 47] and they have not been successfully isolated and 
cultured [48]. The dataset used here was produced as a 
metagenome assembly from Porites lutea collected in 
Orpheus Island, Australia [40]. Cladocopium sp. Y103 
was isolated from an infaunal cardiid clam (Fragum sp.) 
in Okinawa, Japan [41], where it exists as an extracellu-
lar symbiont inhabiting the innermost part of the mantle, 
and accesses light through an opening in the host’s shell 
[49]. In the gradient of heat tolerance, these taxa appear 
to be at the upper range, most likely with C. infistulum at 
the top, followed by C. proliferum and then the other spe-
cies, though additional physiological experiments would 
need to be performed to confirm these rankings.

Whole-genome sequence alignment of the four assem-
blies was conducted. Then, filtered short reads of C. infis-
tulum were mapped against the other species assemblies, 
and against itself, to corroborate sequence divergence. 
Genome sequence divergence within Cladocopium was 
assessed by implementing an alignment-free approach 
based on k-mers [50], including genomes of Symbio-
dinium as an outgroup [9, 41, 51]. The analysis found 
k = 25 to be suitable based on the uniqueness level among 



Page 5 of 14González-Pech et al. BMC Genomics          (2024) 25:914 

the assessed genomes (Supplementary Fig.  3). Finally, 
mutational bias and codon usage were compared in the 
full-length predicted coding sequences of all four Clado-
copium genomes.

Targeted characterization of genes related to host-
symbiont interactions, light response, and stress response
Confidence intervals (95%) from the t-distribution were 
estimated for each GO term across all four Cladocopium 
genomes to identify functions overrepresented in differ-
ent niches of these species. The symbiosome is a special-
ized compartment where intracellular symbionts reside, 
which consists of both host- and symbiont-derived mem-
branes [15]. The number of orthologs of putative sym-
biosome membrane proteins found in extracellular and 
intracellular Cladocopium genomes were compared by 
querying the predicted protein sequences against algal 
and microbial symbiosome sequences [52] (Supplemen-
tary Table 7). Additional searches were performed for 
genes with GO terms related to functions that are rel-
evant to host-symbiont interactions (Supplementary 
Table 8), including nitrate/nitrite reduction and trans-
port of sterol, ammonium, nitrate, urea, amino acids, 
oligopeptides, sulfate, bicarbonate, and glucose [11, 15, 
53, 54]. Searches were also made for orthologs of genes 
implicated in light response that have been character-
ized in symbiodiniacean symbionts of clams ( [55–61]; 
Supplementary Table 9), as well as GO terms associated 
with response to stress ( [9]; Supplementary Table 10). 
Representation of GO terms related to host-symbiont 
interactions and stress response were assessed through 
heatmaps and hierarchical clustering by species.

Results
The Cladocopium infistulum genome is typical of the genus
The genome assembly of Cladocopium infistulum 
RT-203 had a total length of 0.9 Gbp, which is ∼ 45–60% 
of the total estimated size of 1.5–2 Gbp (Table  1 and 
Supplementary Table 6). The assembly combined both 
short- and long-read sequence data to achieve ∼ 22-fold 

coverage. Its contiguity (contig N50 = 66,314  bp) and 
completeness (BUSCO hits = 75.61%; Supplementary 
Table 11) were comparable to the other three Clado-
copium spp. genome assemblies (Fig.  2A; Table  1). A 
total of 19,834 protein-coding genes were predicted, of 
which 15,752 (79.4%) were annotated with at least one 
type of function (i.e., UniProt, GO, KEGG and/or Pfam; 
Supplementary Fig.  4), and 11,800 (59.5%) were sup-
ported by transcript data (Supplementary Table 12). Of 
the predicted genes, 438 were single-copy and unique to 
C. infistulum, while the remaining 19,396 were assigned 
to 11,617 orthogroups (Supplementary Fig.  5). Of these 
orthogroups, 37 (containing 99 genes) were unique to 
C. infistulum as they could not be found in other Sym-
biodiniaceae genomes. Only 130 out of the 537 C. infistu-
lum-specific genes could be annotated with any function. 
In no instance were orthogroups significantly smaller 
(reduced) relative to the three other species, but three 
were larger (expanded; Supplementary Fig. 6). One of the 
expanded orthogroups contained genes coding mostly 
for kinase activity, and two of them encompassed constit-
uents of the kinesin complex and microtubules (Supple-
mentary Table 13).

Pairwise whole-genome alignment between all four 
Cladocopium genomes revealed appreciable sequence 
divergence (Fig. 2B), which was confirmed with the align-
ment qualities of short reads (Supplementary Fig.  7). A 
larger portion of the C. infistulum genome aligned to 
the Cladocopium C15 genome than to any other spe-
cies. This similarity is reflected in the highly supported 
k-mer phylogeny (Fig.  2C; Supplementary Figs.  8–9), 
which is in agreement with phylogenetic reconstructions 
based on the sequence alignments of several conserved 
nuclear and plastid genes [25]. Most genomes shared 
roughly equivalent intron and intergenic region lengths 
(Fig. 2D). The exception was C. infistulum, where inter-
genic regions appeared longer, though perhaps only for 
methodological reasons (e.g., incorporation of long reads 
into this assembly and not the others, and reliance on 
congeneric transcriptome data for gene prediction, which 

Table 1  Genome assembly statistics of Cladocopium infistulum and other Symbiodiniaceae. Genome sizes for C. infistulum and 
Cladocopium sp. Y03 were calculated in this study. Details from the Symbiodinium genomes in Fig. 2C are provided for comparison. 
‘Cin’: C. infistulum, ‘Cpr’: C. proliferum, ‘C15’: Cladocopium C15, ‘Csp’, Cladocopium sp. Y03, ‘Smi’: S. microadriaticum, ‘Sne’: S. necroappetens, 
‘Sli’: S. linucheae, ‘Str’: S. tridacnidorum, ‘N.D.’: not determined
Metric Cin Cpr C15 Csp Smi Sne Sli Str
Number of scaffolds 11,092 41,235 34,589 22,508 189 104,583 37,772 16,175
Total assembly length (Gbp) 0.90 0.97 0.62 0.70 0.81 0.77 0.69 0.76
Scaffold N50 length (bp) 160,719 91,131 50,690 247,555 7,224,000 14,528 58,075 132,488
Contig N50 length (bp) 66,314 6,142 20,331 38,432 34,595 11,420 11,147 52,520
Gaps (%) 5.90 13.93 0.45 4.37 7.70 0.56 1.35 1.31
Predicted genes 19,834 39,006 22,508 33,421 29,725 35,672 32,053 25,808
Estimated genome size (Gbp) 1.49-2.00 1.19 N.D. 0.87 1.10–1.40 1.00 0.91 N.D.
Assembled fraction (%) 44.38–60.10 81.42 N.D. 80.56 57.73–73.48 76.26 75.96 N.D.
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Fig. 2  The C. infistulum genome assembly is of similar quality compared to other Cladocopium assemblies. (A) Comparison of the C. infistulum genome 
with other available Cladocopium genomes in terms of contiguity (x-axis) and completeness (y-axis). (B) Pairwise alignments between all four Cladocopi-
um genomes. The color and size of each dot represent the average percentage identity and fraction of the query aligned to the reference, respectively, 
according to the bottom legend. (C) Original NJ tree built with shared and unique 25-mers. All nodes are supported by 100% of the jackknife pseudorep-
licates (Supplementary Fig. 9); scale shows D2

S distance. Symbiodinium genomes were included as an outgroup and a reference of divergence in another 
genus. (D) Length distribution of introns and intergenic regions in the four genomes; the dashed gray line shows the mean in each histogram. (E) Three-
dimensional radar plots showing genomic G + C content (GC), G + C content in third codon position of coding sequences (GC3) and effective number of 
codons used (Nc) per genome; the center plot shows the scales for the three axes. (F) Number of pseudogenes (top), species-specific single-copy genes 
(middle), and orthogroups (bottom). Colors in (D), (E) and (F) represent each of the four genomes according to the bottom right legend
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possibly lowers gene density). All Cladocopium genomes 
exhibited low biases in nucleotide composition and 
codon usage, with similar values for the effective number 
of codons used in a gene (Nc ≈ 60; Fig. 2E). Cladocopium 
C15 showed lower genomic and third-codon position 
G + C content compared to the other species. No con-
sistent pattern was found in the number of pseudogenes 
with respect to intracellular versus extracellular species 
(Fig. 2F). However, intracellular species appeared to have 
more unique single-copy genes than extracellular species. 
Both C. infistulum and Cladocopium C15, which exhibit 
extra- and intracellular host relationships, respectively, 
showed low numbers of genome-specific orthogroups 
(Fig. 2F).

Based on dN/dS ratios, there were several genes under 
positive selection in C. infistulum when compared sepa-
rately against the other three Cladocopium (42 against 
Cladocopium C15, 110 against Cladocopium sp. Y103, 
and 157 against C. proliferum). However, none of these 
genes were shared across all pairwise comparisons 
(Supplementary Fig. 10). Likewise, no genes under posi-
tive selection were common to contrasts of intracellu-
lar versus extracellular species (Supplementary Fig.  10). 
When compared to available Symbiodiniaceae data sets 
(Supplementary Table 5), including genomes from other 
genera, no genes under positive selection were detected 
using the branch model test. However, a total of 140 C. 
infistulum genes appeared to be under negative selection; 
of these, ion transport was the most represented biologi-
cal process.

Genes related to host-symbiont interactions, light 
response, and stress response
No GO terms were significantly overrepresented simulta-
neously in genomes of intracellular or extracellular sym-
bionts (Supplementary Table 14). Comparing putative 
symbiosome membrane gene orthologs (Supplementary 
Fig. 11 and Supplementary Table 7) across Cladocopium 
spp. indicated that, on average, the abundance of genes 
coding for these membrane interaction proteins were 
similar in the genomes of intracellular and extracellular 
symbiont species. However, when considering higher-
order GO annotations rather than absolute gene num-
bers, most gene functions of relevance to host-symbiont 
interactions were underrepresented in the genome of 
the extracellular C. infistulum, whereas the majority of 
these GO terms were overrepresented in the genome of 
the intracellular C. proliferum (Fig.  3 and Supplemen-
tary Table 8); no clear pattern was observed for these GO 
terms in Cladocopium C15 and Cladocopium sp. Y103. 
Notably, nitrite and nitrate reduction were generally 
less represented in extracellular symbionts and glucose 
transport was more represented in intracellular symbi-
onts. The dendrogram resulting from the hierarchical 

clustering of the genomes based on these GO terms reca-
pitulates the topology of the phylogenomic tree (Fig. 2C).

Comparing gene orthologs implicated in light response 
also revealed no consistent differences in abundance 
across species (Supplementary Fig.  12 and Supplemen-
tary Table 9). While there were no clusters clearly sepa-
rating species by symbiont niche, the representation of 
GO terms related to stress response appears to be most 
alike between extracellular symbionts (Fig. 4 and Supple-
mentary Table 10), with a general trend for underrepre-
sentation of terms related to apoptosis, protein folding, 
glutathione metabolism, and response to oxidative and 
UV stress. Conversely, these GO terms were most rep-
resented in C. proliferum except for ‘cellular response to 
heat’, which was most represented in Cladocopium C15.

Duplicated genomic regions are prevalent in C. infistulum
The k-mer frequency distribution resembled the tra-
ditional unimodal shape of haploid genomes (Fig.  5A). 
Typically, haploid genomes that have undergone WGD 
exhibit a bimodal distribution of k-mer frequencies that 
more closely resembles the two-peak pattern of a diploid 
genome, with one peak representing homozygous regions 
and another representing heterozygous regions (the k-
mer frequency distribution from the duplicated genome 
of the dinoflagellate Polarella glacialis [62] is shown for 
comparison; Fig.  5B). Additionally, the haploid model 
better fit the k-mer frequency distribution than the dip-
loid model (Fig.  5A and Supplementary Fig.  13), and 
under the diploid model the genome’s estimated hetero-
zygosity of duplicated regions was close to zero. A sec-
ond analysis explored synonymous substitution rates (KS) 
in gene paralogs, revealing only a single peak consisting 
of low-divergence paralogs near KS = 0 in C. infistulum 
(Fig.  5C) and the other Cladocopium (Supplementary 
Fig.  14), which is a common feature in most genome 
assemblies across a variety of organisms [63]. Under 
a WGD scenario, a second peak at KS = 1–2, indicating 
widespread and simultaneous gene duplications hav-
ing occurred at about the same time, would be expected. 
Altogether, these results indicate that the genome of C. 
infistulum has not undergone WGD.

Signals of genome duplication were searched for by 
performing a reciprocal alignment of all scaffolds/contigs 
(Supplementary Fig. 15); the large number and lengths of 
repetitive hits indicate the presence of numerous dupli-
cated regions (1–20 kbp; Supplementary Fig. 16). Further 
analysis with SEDEF, which detects duplicated genomic 
regions arising from segmental duplication, estimated 
that duplicated regions occupied 210.70 Mbp (23.5%) of 
the genome assembly. Most duplicated regions had only 
one additional copy (Fig. 5D), spanned from 1 to 20 kbp 
(Fig.  5E), and featured low Kimura divergence scores 
(Fig.  5F). In total, 6,657 genes (33.6% of all genes) were 
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found within these duplicated regions. Gene functions 
enriched in duplicated regions were related to mobile 
elements, protein domain repeats, and photosynthesis 
(Supplementary Table 15). Most of the 23,363 duplicated 
regions (20,276) overlapped with interspersed repeats 
(often associated with mobile elements; Supplementary 
Fig. 17). The high abundance of a single additional copy 

of duplicated regions (Fig.  5D) and their similar diver-
gence time (Fig.  5F) indicate a single duplication event. 
No duplicated gene blocks or arrays of genes in tandem 
were identified.

Fig. 3  Representation of gene functions in four Cladocopium important to nutrient exchange in the mutualism. Heatmap based on gene content of GO 
terms relevant to different nutrient transfer processes (Supplementary Table 8). Gene counts (rows) were Z-transformed, i.e., scaled to have mean zero and 
one standard deviation. The similarity dendrogram above the heat map was produced by complete-linkage hierarchical clustering of Euclidean distances
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Discussion
The characterization of a fourth Cladocopium genome 
broadens new opportunities to identify genes, gene 
functions, and genomic changes implicated in ecologi-
cal and evolutionary diversification within this large 
genus of symbiotic dinoflagellates. Despite relatively low 
sequence coverage, incorporating both short- and long-
read sequence data into the Cladocopium infistulum 
genome assembly provided contiguity and completeness 
comparable to the other available Cladocopium assem-
blies (Fig. 2A; Table 1). While preliminary, these findings 
indicate that there are surprisingly few genomic differ-
ences between species with intra- and extra-cellular life-
styles (Fig. 3 and Supplementary Table 8), meaning that 
Cladocopium are highly versatile and/or the intra- and 
extra-cellular endosymbiotic environments examined 
here lack sufficient physiological differences to greatly 
influence microalgal genome evolution. Moreover, high 
thermal tolerance may have distinct genomic underpin-
nings across Symbiodiniaceae, even within the same 
genus (Fig.  4 and Supplementary Table 10), which are 
discussed below. The identification of extensive dupli-
cated regions, most likely arising from a single event in 
the past, is not necessarily an indicator of whole-genome 
duplication (Fig.  5). These comparisons contribute to a 
growing understanding of the substantial genomic and 
adaptive differences even among closely related symbio-
diniacean taxa. Note that, owing to low sequencing depth 

(∼ 22-fold; Fig.  5A), partial representation of the total 
genome size in the assembly (∼ 45–60%; Table  1), and 
gene prediction limited to transcriptome data from other 
Cladocopium species rather than a C. infistulum isolate, 
results should be interpreted conservatively. Some com-
bination of these biases likely impacted the other Sym-
biodiniaceae assemblies used in the analyses, as these are 
common issues in comparative genomics of non-model 
organisms.

Representation of gene functions associated with host-
symbiont interactions recapitulates the Cladocopium 
phylogeny, not the symbiont niche
Of the four Cladocopium species with sequenced 
genomes, two of them (C. infistulum and Cladocopium 
sp. Y103) live extracellularly when in symbiosis with their 
animal hosts [26, 64]. While some host-symbiont inter-
action genes were underrepresented in their genomes, 
these differences were not consistent for most other 
genes in this category (Fig.  3), and hierarchical cluster-
ing of GO terms did not group these species together as 
most similar. The concordant topology of the phyloge-
nomic tree (Fig. 2C) and the hierarchical clustering den-
drogram (Fig.  3) indicates that evolutionary relatedness 
between Cladocopium genomes, rather than symbiont 
niche, has a larger effect on the representation of these 
gene functions.

Fig. 4  Representation of genes important in thermal stress response shows no clear phylogenetic or niche patterns. Heatmap based on gene counts 
of relevant GO terms (Supplementary Table 10). Gene counts (rows) were Z-transformed, i.e., scaled to have mean zero and one standard deviation. The 
similarity dendrogram above the heat map was produced by complete-linkage hierarchical clustering of Euclidean distances
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An obvious feature unique to the biology of intracel-
lular Symbiodiniaceae is the presence of a symbiosome 
separating the algal cell from the host cytoplasm, con-
sisting of both symbiont- and host-derived membranes 
[15]. Preliminary proteomic characterization of symbio-
some membranes identified a set of proteins with homol-
ogy to animal, algal, and microbial proteins [52]. Using 
non-animal protein sequences (Supplementary Table 7) 
to identify algal orthologs revealed that genes coding for 
these putative symbiosome proteins appear evenly rep-
resented across the Cladocopium genomes (Supplemen-
tary Fig. 11), irrespective of the symbiont’s niche. While 
the symbiosome environment is unique to intracellular 
associations, extracellular Symbiodiniaceae living within 
molluscan digestive diverticula abut and interact directly 
with host cell membranes. The failure to detect distinct 
gene profiles for extra- and intracellular symbionts may 
reflect that, when engaged in endosymbiosis, their sur-
rounding environments are effectively the same. Addi-
tionally, both types of symbionts need to survive outside 

of the host for at least a portion of their lifespans, which 
may select for retention of similar gene sets in support of 
a transient free-living ecology.

Representation of gene functions associated with 
response to stress shows no clear pattern with respect to 
Cladocopium phylogeny or symbiont niche
There were no obvious genes characteristic of what was 
expected to be the most thermally tolerant species, C. 
infistulum (Fig. 4 and Supplementary Fig. 12). While the 
species analyzed here exhibit a range of sensitivity to heat 
stress, all four species were isolated from hosts in warm 
environments, and therefore, might all have adaptations 
to cope with elevated temperatures [65]. For example, C. 
proliferum is particularly common to various corals from 
warmer low latitude reefs on the Great Barrier Reef [46]. 
Given the lagoonal and shallow habitats where corals in 
the genus Porites dominate, it is expected that associ-
ated Cladocopium C15 have evolved resilience to ther-
mal stress. Clams hosting C. infistulum live in inshore 

Fig. 5  Duplicated genomic regions appear to have originated at a single event in the past. (A) GenomeScope2 25-mer frequency distribution with 
ploidy set to 2. For comparison, (B) a GenomeScope plot of P. glacialis indicative of whole-genome duplication; modified from [62]. (C) Distribution of 
synonymous substitution rates (KS) calculated from sequence alignments between pairs of gene paralogs. (D) Exponential graph showing the distribution 
of duplicated region sizes found in C. infistulum, ranging from 1 kbp to > 40 kbp. (E) The alignment length distribution of duplicated segments with at 
least 1 kbp shows that while many span thousands of base pairs, few exceed 20 kbp. (F) Kimura divergence for pairwise alignments of duplicated regions
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shallow equatorial reefs in the western Pacific [26]. These 
environments also experience larger diurnal temperature 
fluctuations than other reef habitats. Similarly, Clado-
copium sp. Y103 lives in clams from shallow habitats with 
warm temperatures and high light regimes in Japan [41, 
49]. While there may ultimately be differences in their 
maximum thermal tolerance, both clam symbionts are 
likely to possess genes conveying some level of resistance 
to heat.

In addition to the symbiont’s innate physiology, the 
host environment also has a great capacity to influence 
thermal stress responses among marine mutualisms, pos-
sibly limiting Symbiodiniaceae specialization. Changes 
in the concentration and distribution of fluorescent 
pigments, mycosporine-like amino acids, heat shock 
proteins, and antioxidants have been proposed as mecha-
nisms through which the host may buffer the symbiont 
community from heat and other environmental stressors 
[66]. Buffering has been inferred in associations between 
Durusdinium trenchii and Acropora, Coelastrea, Cyphas-
trea, and Pachyseris corals in the Indo-Pacific [67]; and in 
Symbiodinium A4–Porites [68] and Symbiodinium ‘fitti’–
Acropora [69] associations in the Caribbean. Such host 
buffering could dampen stress-related ecophysiological 
and genomic divergence among symbiotic Symbiodini-
aceae species.

Overall, C. infistulum and Cladocopium sp. Y103 had 
fewer genes associated with radical oxygen scavenging, 
protein chaperoning, or glutathione metabolism, which 
indicates that these extracellular clam symbionts may 
employ alternative mechanisms to cope with high seawa-
ter temperatures. While radical scavenging and protein 
chaperoning genes were underrepresented in Clado-
copium C15, this taxon did have the most genes with 
functions related to ‘cellular response to heat’ (i.e., cod-
ing for heat shock proteins or their transcription factors). 
Cladocopium proliferum had the highest representation 
of all other stress-response gene functions, which corre-
sponds with evidence that this species is also thermotol-
erant [25, 70].

These findings indicate that the genetic underpinnings 
of thermotolerance among members of a single genus of 
Symbiodiniaceae may arise from diverse origins. In addi-
tion to the presence, absence, and abundance of certain 
genes, the basis of thermotolerance may reside in other 
processes, including post-transcriptional regulation via 
microRNA interference [71] or RNA editing [72], as well 
as differential methylation [73]. Thus, epigenomic, tran-
scriptomic, proteomic, and metabolomic approaches 
may offer further insight into physiological capacity for 
thermal tolerance [32, 74–76].

Evidence for a genome duplication event remains 
inconclusive for C. infistulum
Previously, the high frequency of two alleles observed at 
different microsatellite loci among various Cladocopium 
spp. provided preliminary support for the occurrence of 
an ancestral WGD event [34, 35], possibly ∼ 5.2 Mi years 
ago [21]. However, there was limited evidence in favor of 
WGD in the genome of C. infistulum based on indepen-
dent analyses (Fig.  5A-C). Instead, multiple duplicated 
regions are spread throughout large parts of the genome 
(Fig. 5D-F), corresponding to ∼ 23% of the total sequence 
and encompassing ∼ 33% of all putative genes, while 
the rest of the genome was single copy. A recent study 
explored WGD in Durusdinium trenchii, a thermotoler-
ant coral symbiont also within the family Symbiodini-
aceae [77]. Although the authors concluded WGD did 
occur in that lineage based on the abundance of dupli-
cated gene blocks, there was also no evidence of WGD 
from the synonymous substitution rate of gene paralogs. 
However, the recent divergence of the lineage leading to 
D. trenchii (∼ 1 MYA) may not have allowed enough time 
for the accumulation of synonymous substitutions in 
duplicated regions. For Cladocopium, the ∼ 10–20-mil-
lion-year age of the genus [21] should be sufficient time 
for nucleotide substitutions to accumulate, presuming 
WGD occurred prior to the diversification of extant lin-
eages. The possibility of low divergence masking WGD 
in C. infistulum cannot be discarded, but the detection of 
duplicated regions in this study makes this less likely. The 
apparent occurrence of genomic duplication as a single 
ancestral event (Fig.  5D, F) also supports the notion of 
WGD. Alternatively, there could have been widespread 
segmental duplication rather than WGD, perhaps driven 
in part by mobile element activity. The genomes of both 
C. infistulum (Supplementary Figs.  17 and 18, Supple-
mentary Table 15) and Fugacium kawagutii [78] feature 
an overabundance of (retro)transposons in duplicated 
regions, supporting the notion that mobile elements 
are involved in duplication processes across the family 
Symbiodiniaceae.

Conclusions
The genomic characterization of Cladocopium infistu-
lum revealed no patterns diagnostic of heat tolerance or 
extracellular symbiosis, at least with respect to overrep-
resentation of gene functions or genes under selection. 
These findings imply that adaptations among members 
of the genus Cladocopium are likely dictated by mecha-
nisms beyond gene content. While genome duplication is 
prevalent in this species, the analyses could not identify a 
causative mechanism, and it remains unclear whether a 
whole-genome duplication event occurred in the ances-
tor to the Cladocopium lineage. Echoing previous inves-
tigations, this research highlights the need for functional 
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characterization of unknown genes and other genomic 
elements, as well as access to additional high-quality 
Symbiodiniaceae genomes. Such data are essential to bet-
ter explain patterns and processes of genetic change in 
the eco-evolutionary diversification of dinoflagellates.
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