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EXTENDED MATERIAL AND METHODS 1 

Preparation of Multiplex High-Throughput Sequencing Libraries 2 

Three sets of Symbiodiniaceae-specific primers with Illumina™ adapter tails (Table S2) were 3 

used to amplify each sample (S141-S152; Table 1) in separate Polymerase Chain Reactions 4 

(PCR). Three markers were amplified: (i) the Internal Transcribed Spacer 2 (ITS2) of the 5 

nuclear ribosomal RNA array using primers ITSD_illu and ITS2rev2_illu , (ii) the D1-D2 6 

region of the 28S large subunit (LSU) nuclear ribosomal RNA gene using the newly designed 7 

primers LSU1F_illu and LSU1R_illu, and (iii) the hyper-variable region of the chloroplast 8 

23S (23S) ribosomal RNA gene using primers 23SHyperUP_illu and 23SHyperDN_illu 9 

(Manning and Gates 2008; Pochon et al. 2010; this study). 10 

 11 

PCR was performed for each sample and for each gene separately in 50 µL volumes, with the 12 

reaction mixture containing 45 µL of Platinum PCR SuperMix High Fidelity (Life 13 

Technologies), 10 uM of each primer, and 10-20 ng of template DNA. In order to maximize 14 

specificity to Symbiodiniaceae, a touchdown PCR protocol was used for each reaction as 15 

follows: (i) 95 °C for 10 min; (ii) 25 cycles of 94 °C for 30 s, 65 °C for 30 s (decreasing the 16 

annealing temperature 0.5 °C for every cycle after cycle 1), and 72 °C for 1 min; (iii) 14 17 

cycles of 94 °C for 30 s, 52 °C for 30 s and 72 °C for 1 min; and (iv) a final extension of 72 18 

°C for 10 min. Amplicons of the correct size were purified using Agencourt AMPure XP 19 

PCR Purification beads following the manufacturers’ instructions. In order to sequence the 20 

three genes per sample in multiplex using HTS, individual purified products for each marker 21 

originating from the same giant clam were pooled together to enable the attachment of the 22 

same Illumina index (i.e. 12 samples). This was achieved by quantifying the amplicons using 23 

a Qubit Fluorometer 2.0 (Life Technologies), diluting to 1 ng/µL using Milli-Q water and 24 

mixing 5 µL of each of gene amplicon from the same giant clam together. To assess the 25 

levels of cross-contamination between samples potentially arising during the library indexing 26 

step, nine unmixed amplicon products (i.e. ITS2, LSU and 23S amplicons from three 27 

haphazardly selected giant clams; samples S141-S143; Table 1), each with their own unique 28 

index to be added, were also prepared. 29 

 30 

The resulting 21 samples were sent to New Zealand Genomics Ltd. (University of Auckland, 31 

New Zealand) for HTS library preparation which involved a second round of PCR to attach 32 

MiSeq Illumina™ indexes on to the amplicons. PCR products were combined in equimolar 33 



 2 

concentrations and the final library paired-end sequenced on an Illumina MiSeq using a 500 1 

cycle (2 x 250) MiSeqâ v2 Reagent Kit and standard flow cell. 2 

 3 

Bioinformatics 4 

Illumina™ sequence datasets were prepared using the read preparation and dereplication 5 

pipeline of USEARCH (Edgar, 2010). Firstly, paired reads were merged (fastq_mergepairs 6 

command) and filtered (fastq_filter command) with an expected number of error of 0.25. 7 

More than 90% of the base pairs had a Q score > 40. Next, samples were demultiplexed in 8 

three groups, primers were trimmed and a global trimming was operated according to the 9 

recommendations for ITS amplicon reads (Edgar, 2013). The sequence data were dereplicated 10 

and unique singletons found across the complete dataset were discarded. 11 

For phylogenetic assignments of Symbiodiniaceae, three distinct reference databases (ITS2, 12 

LSU and 23S) were generated in fasta format, including sequence representatives from each 13 

of nine Symbiodiniaceae clades (A to I), with (i) 409 unique sequences of ITS2 types from 14 

GeoSymbio (Franklin et al., 2012), (ii) 37 representative sequences of LSU from Pochon et 15 

al. (2012), and (iii) 104 sequences of 23S from Takabayashi et al. (2012). Symbiodiniaceae 16 

assignments were performed using a novel algorithm approach called ‘Kallisto’ (Bray et al. 17 

2016) which provides unprecedented speed and accuracy for optimal analysis of large-scale 18 

datasets (e.g. large RNA-Seq data) without the need for time-consuming alignment steps. 19 

 20 

Because the main goal of the present study was to investigate the sequencing depth and 21 

potential inter-marker biases of the multiplex HTS approach using giant clam samples as a 22 

proof-of-concept, as opposed to describing potentially novel Symbiodiniaceae diversity in 23 

these samples, we modified the Kallisto pipeline to only retain HTS reads yielding exact 24 

matches (i.e. without ambiguity amongst k-mers) to individual referenced genotypes in each 25 

gene. This approach transforms each sequence from reference databases into pseudo-26 

alignments of k base-pairs (bp) k-mers which slide along the sequence of reference one bp at 27 

a time. Individual sequences generated via HTS were then blasted against all pseudo-28 

alignments and exact matches against the entire population of k-mers are recorded. To reduce 29 

miss-assignments, all merged reads with ambiguities between k-mers of different reference 30 

genotypes were determined as chimeric and removed from the dataset. For sequences that did 31 

not result in exact matches to reference databases, a second comparison using BLASTn 32 

against the National Center for Biotechnology Information (NCBI) nucleotide databases was 33 
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performed and the accession numbers yielding exact matches were retained for downstream 1 

analyses. The number of unique sequences matching genotypes in the reference databases 2 

and GenBank was recorded (Table S3). Raw sequence data were submitted to the BioProject 3 

Archive under accession PRJNA471926 (SRR7181922-SRR7181942). 4 

 5 

Sequence Diversity Analyses 6 

Unique sequence genotypes found at or above a 0.05% threshold from the total sequence 7 

abundance per sample were scored (Table S3) and the specific genotypes of reference (i.e. 8 

from in-house reference databases and GenBank) were retained for sequence diversity and 9 

phylogenetic analyses. Global sequence diversity from each of the three datasets (23S, ITS2, 10 

and LSU) were visualized using the plug-in DataBurst implemented in Excel (Microsoft 11 

Office version 2013 or later). 12 

 13 

One sequence alignment was generated for each of the three investigated gene datasets using 14 

the sequence alignment software BioEdit v7.2.5 (Hall 1999). Owing to the difficulty in 15 

aligning sequences from Symbiodinium (clade A) and Cladocopium (clade C) genera when 16 

using the 23S and ITS2 genes, and between Symbiodiniaceae and non-Symbiodiniaceae (i.e. 17 

clams, fungi, and plants) sequences, phylogenetic reconstructions only aimed at depicting 18 

pair-wise relationships between retained sequence genotypes. Therefore, unrooted 19 

phylogenetic inferences were generated using the neighbor-joining method implemented in 20 

the program MEGA v. 7.0 (Kumar et al. 2016), with the p-distance model and gaps treated as 21 

pairwise deletions. Internal nodes support was tested using the bootstrap method (Felsenstein 22 

1985) and 500 replicates. 23 

 24 

EXTENDED RESULTS & DISCUSSION 25 

A total of 1,590,047 sequences were obtained from the 21 samples (75,716 +/- 41,576 26 

sequences per sample), which included 12 amplicon samples (S141-S152) each containing 27 

three multiplexed gene products (23S, ITS2, and LSU) and nine amplicon samples from three 28 

selected giant clam isolates (S141, S142, and S143) which only contained a single gene 29 

amplicon as internal controls (Table 1; Table S3). One sample (internal control S143 for 30 

ITS2) failed the sequencing step with only 130 raw reads produced. After filtering, the total 31 

number of high-quality sequences was 1,104,687 (52,604 +/- 29,250 sequences per sample). 32 

The proportion of total reads (Table 1) between the three investigated genes was well-33 

balanced with 398,442 reads (23S), 339,780 reads (ITS2), and 359,768 reads (LSU). In 34 
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contrast, unique reads varied between 23,779 sequences for the 23S gene and 71,776 1 

sequences for the LSU gene (Table S3). The inclusion of nine positive controls, representing 2 

three amplicon products per gene sequenced in isolation, revealed the presence of low levels 3 

of sequence cross-contamination between samples (mean of 4.5 sequences ± 4.6 SD) (Table 4 

1). This low-level of background contamination (1 to 23 sequences per sample) represented 5 

<0.003% of the total reads per sample (Table S3). Therefore, as a conservative measure, we 6 

chose to remove sequences that represented < 0.05% of the total sequence abundance per 7 

sample. 8 

 9 

Our bioinformatics pipeline identified 43 Symbiodiniaceae 23S chloroplast genotypes, 10 

including 16 that matched the 23S reference database and another 27 that matched sequences 11 

in GenBank. After exclusion of genotypes represented by less than 0.05% of the sequence 12 

abundance in each sample (Table S3), the number of Symbiodiniaceae genotypes retained for 13 

phylogenetic analysis was eleven (Figure S1). Similarly, blasting ITS2 and LSU datasets 14 

against both types of databases led to the identification of 117 and 93 unique genotypes when 15 

using the original datasets, and to 46 and 51 unique genotypes following the 0.05% filtering 16 

threshold, respectively. 17 

 18 

High-throughput sequencing of rDNA barcodes is widely used to study microbial 19 

communities. Typically, sequences are clustered into Operational Taxonomic Units (OTUs) 20 

assigned by using a pre-defined reference database of known sequences (reference-based) or 21 

constructed de novo. Many recent studies have demonstrated the difficulties in determining 22 

robust clustering and assignments (i.e. reusability, reproducibility, comprehensiveness), and 23 

proposed new algorithms and methods for error-correcting (Callahan et al. 2016, 2017; Chen 24 

et al. 2016; Edgar 2016, 2017; Edgar and Valencia 2018). Moreover, as for bacteria, the 25 

family Symbiodiniaceae represents a large microbial assemblage, consisting of nine clades 26 

(seven of which corresponding to newly described genera; Lajeunesse et al. 2018), and 27 

subdivided into numerous sub-generic genotypes likely comprising hundreds of species and 28 

an estimated 100,000 types of ITS2 sequences (Arif et al. 2014; Pochon et al. 2014; Thornhill 29 

et al. 2017; Ziegler et al. 2017). Because the aim of this work is focused on the comparison 30 

between single and multiplex approaches using three genetic markers, we performed 31 

assignments without clustering by applying exact matches between the merged reads and k-32 

mers from reference databases. While this method provides a more accurate description of 33 
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the diversity present because it is not limited to identifying reference OTU sequences alone, it 1 

is not suitable for the discovery of novel diversity. 2 

 3 

Diversity diagrams were generated to visualize the sequence abundance of Symbiodiniaceae 4 

clade and subclade genotypes recovered from the twelve giant clam samples and among the 5 

three investigated genes (Figure 2). The multiplexing approach yielded similar proportions of 6 

dominant clades, but with some notable differences. The genus Symbiodinium (Clade A) 7 

dominated in all three markers, particularly in 23S (91.8%; dominant subclade type chvA2), 8 

with lower but similar proportions between ITS2 (81.7%; dominant types A3/A6) and LSU 9 

(83.9%; dominant types A3/A13). The genus Cladocopium (Clade C) represented 7.9% 10 

(dominant type chvC1), 18.2% (dominant type C1), and 15.0% (dominant type C1) of 11 

sequence reads for the 23S, ITS2, and LSU markers, respectively. Geracladium (clade G) was 12 

only detected using the chloroplast 23S gene (0.2% of reads), whereas the nuclear LSU gene 13 

displayed reduced specificity for Symbiodiniaceae as indicated by ~1% of sequence reads 14 

matching other organisms such as streptophytes (Mitchella repens and Asclepias verticillata), 15 

and the host giant clam T. maxima. Overall, the proportion of dominant Symbiodiniaceae 16 

clades and subclades recovered between the multiplexed samples and the positive (single 17 

gene) controls were very similar (Table S4). 18 

 19 

Giant clams on shallow reefs allow for the establishment of a diverse in-situ reservoir of 20 

interacting fungal, bacterial, and micro-algal communities (Baker 2003; Neo et al. 2015). For 21 

example, they commonly harbor Symbiodiniaceae from at least three distinct genera 22 

(Symbiodinium [clade A], Cladocopium [clade C], and/or Durusdinium [clade D]) 23 

simultaneously or in isolation within one host, with Symbiodinium being the dominant 24 

symbiont in most clams (Baillie et al. 2000; DeBoer et al. 2012; Ikeda et al. 2017, 2016; 25 

Pappas et al. 2017; Trench et al. 1981). Similar to coral symbiosis, it is assumed that the 26 

clade composition in giant clams is influenced by environmental or physical parameters (e.g. 27 

temperature, irradiance), or by life stages and taxonomic affiliation (Ikeda et al. 2017; Pappas 28 

et al. 2017). Giant clam larvae (veliger) acquire free-living Symbiodiniaceae cells 29 

‘horizontally’ from their surrounding environment (Fitt and Trench 1981). When mature, 30 

giant clams (e.g. Tridacna derasa) expel high numbers of intact symbionts in their faeces at 31 

rates of 4.9 x 105 cells d-1 (Maruyama and Heslinga 1997; Buck 2002). Despite the dynamic 32 

interaction of symbionts between Tridacnidae and the environment, very little is known about 33 
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the extent of symbiont diversity within giant clams and the potential exchange with other reef 1 

invertebrates engaged in similar symbiotic associations 2 

 3 

In this study, we found that genera Symbiodinium and Cladocopium dominated in adult giant 4 

clams in French Polynesia (Figure S2). Symbiodinium was the major genus in our samples 5 

and in particular the closely related sub-generic ITS2 genotypes A3 and A6, previously 6 

described as Symbiodinium tridacniadorum, and therefore associated with Tridacna clams 7 

(Lee et al. 2015). A3 is the most dominant type in T. Maxima around the world and both 8 

A3/A6 are more likely to be sampled in giant clams from shallow reefs (Weber, 2009).  9 

 10 

Furthermore, for Cladocopium we found that the generalist ITS2 type C1 (LaJeunesse et al. 11 

2003) co-dominated in our samples, which is consistent with a previous study showing C1 as 12 

a common type in T. Maxima from around the world (Weber 2009). Noteworthy, we also 13 

found a smaller percentage of C3z, Cspd and C50 ITS2 types, which to our knowledge have 14 

not yet been found in T. maxima before, but are usually restricted to corals (LaJeunesse et al. 15 

2004, 2010; Macdonald et al. 2008; Shinzato et al. 2018). Finally, we did not detect any 16 

symbiont from the genus Durusdinium (Clade D) despite the in-depth sequencing afforded by 17 

our multiplex method. However, Durusdinium has never been detected in T. maxima from 18 

French Polynesia compared to other regions such as the Indian Ocean (DeBoer et al. 2012; 19 

Weber 2009). As we only worked with adult clams from shallow water, it would be 20 

interesting to confirm the hypotheses of Ikeda et al. (2017) and Weber (2009) who argued 21 

that Durusdinium symbionts might be restricted to ‘young’ T. squamosa clams (less than 11 22 

cm) or that giant clams harbored this dinoflagellate genus only when sampled from deeper 23 

reefs, respectively. 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 
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