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Dinoflagellates are a group of diverse protists with complex genomes whose gene expression regulation mechanisms remain little known. RNA editing is a post-transcriptional regulatory mechanism of gene expression utilized by diverse species, and has been described primarily in the plastid and mitochondrial genomes of dinoflagellates. Its role in post-transcriptional regulation in the nuclear genomes of dinoflagellates remains largely unexplored. Here, integrating genome and transcriptome data from two dinoflagellate taxa in a comparative analysis, we identified 10,486 and 69,953 putative RNA editing sites in the nuclear genomes of the coral symbiont, Durusdinium trenchii CCMP2556 and the free-living bloom-forming taxon, Prorocentrum cordatum CCMP1329. We recovered all 12 possible types of RNA edits, with more edits representing transitions than transversions. In contrast to other eukaryotes, we found a dominance of A-to-T transversion in non-coding regions, many of which were condition-specific. Overall, the RNA editing sites implicate 7.5% of D. trenchii genes and 13.2% of P. cordatum genes. Some sites (1.5% in D. trenchii and more-substantially 62.3% in P. cordatum) were edited at significantly different frequencies in distinct growth conditions. The distribution of editing types and locations exhibited conserved patterns between the two phylogenetically distant species. Interestingly, A-to-T editing within the untranslated regions appear to be associated with upregulation of the edited genes in response to heat stress. These results lend support to the hypothesis that RNA editing is a key molecular mechanism that underpins regulation of gene expression in dinoflagellates.
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1 Introduction

Dinoflagellates are a group of diverse protists that range from free-living bloom-forming microalgae, parasites of crustaceans, to photosymbionts that critically sustain the health of biodiverse coral reefs. Despite their ecological importance, molecular genetic studies of dinoflagellates have long been challenged by their large, complex genomes that exhibit highly idiosyncratic characteristics compared to genomes of other protists and eukaryotes (Lin, 2011; Wisecaver and Hackett, 2011). Recently available genomes of dinoflagellate taxa revealed remarkable sequence and structural divergence (González-Pech et al., 2021; Dougan et al., 2022b; Shah et al., 2024), further complicating the effort in developing dinoflagellates as models (Ishida et al., 2023).

Importantly, the mechanisms of molecular regulation and their functional roles in stress response in dinoflagellates remain little known. DNA-binding transcription factors (TFs) are prevalent in eukaryote genomes, most constituting 4–8% of total proteins (Babu et al., 2004; Vaquerizas et al., 2009). In dinoflagellates, putative TFs showed a preferential binding to RNA molecules instead of DNA (Zaheri and Morse, 2021), and proteins containing DNA-binding domains account < 0.3% of all proteins (Bayer et al., 2012; Beauchemin et al., 2012). These results suggest that RNA-based post-transcriptional regulation is more prevalent in dinoflagellates than the canonical regulation via TFs.

RNA editing is a key mechanism of post-transcriptional regulation, in which an RNA sequence is altered after transcription, leading to changes in its regulatory properties and/or the resulting protein sequence. Described in diverse lineages of life (Liu et al., 2017; Chu and Wei, 2020; Nie et al., 2020; Birk et al., 2023), RNA editing has been associated with organismal adaptation to changing environmental conditions (Garrett and Rosenthal, 2012; Birk et al., 2023), whereas its deregulation associated with diseases (Jain et al., 2019; Li et al., 2022); substitutional edits are largely transitions, with the most common type from adenosine (A) to inosine (I; a mimic of guanosine [G]) (Nishikura, 2006; Duan et al., 2023). RNA editing has been described in dinoflagellates, primarily among transcripts of genes encoded in the plastid and mitochondrial genomes (Lin et al., 2002; Zauner et al., 2004; Wang and Morse, 2006; Howe et al., 2008; Zhang et al., 2008; Dang and Green, 2009; Mungpakdee et al., 2014; Shoguchi et al., 2020), up to nine of the 12 possible editing types (i.e. from any one RNA base to another). The most frequent editing types in the organellar genomes are A-to-G and T-to-C (Zhang et al., 2008; Mungpakdee et al., 2014), supporting the notion that most RNA edits represent transitions as observed in other eukaryotes. Some edits are known to remove in-frame stop codons to facilitate gene expression, and to reduce AT bias of mitochondrial encoded transcripts (Lin et al., 2002; Zhang et al., 2008; Waller and Jackson, 2009).

RNA editing in nuclear genes of dinoflagellates was described in the symbiotic species of Symbiodinium microadriaticum, implicating 1.6% of nuclear-encoded genes, and all 12 possible editing types (Liew et al., 2017). Although more transitions than transversions were observed overall with the most frequent type as C-to-T, the second most frequent edit is the transversion of A-to-T (Liew et al., 2017). This result presents the first clue of a distinct pattern of editing type in nuclear genomes of dinoflagellates compared to their organellar genomes and to other eukaryote genomes. However, variation among biological replicates were not considered in the study (Liew et al., 2017), and the distribution of editing errors was modelled as a binomial distribution, which could lead to false positives of RNA edits (Heinrich et al., 2012; Piechotta et al., 2017). These technical limitations (see also Ramaswami et al. (2013)) have now been resolved (Piechotta et al., 2017; Piechotta et al., 2022), enabling more-accurate identification of RNA editing sites. Given the extensive genomic divergence among dinoflagellates (Stephens et al., 2018; González-Pech et al., 2021; Shah et al., 2023), the conservation of RNA editing pattern among nuclear-encoded genes of these taxa and the roles of RNA editing in regulating gene expression remain little known.

Traditionally, RNA editing sites were determined individually based on PCR validation (Sommer et al., 1991), which is not practical for genome-wide analysis (Ramaswami and Li, 2016). High-throughput transcriptome data provides a useful platform for rapid first-pass screening for RNA editing by identifying sites where a nucleotide base differs between the transcriptome (e.g. RNA-Seq) data and the assembled genome sequences (i.e. the RNA-DNA difference, or RDD). However, 90% of RNA editing sites reported in the first such study (Li et al., 2011) were later found to be false positives (Schrider et al., 2011; Kleinman et al., 2012). These false positives may arise from single-nucleotide polymorphisms in the genome, and/or incorrect mapping of RNA-Seq reads onto pseudogenes or adjacent introns of a gene, due to inadequate resolution of intron/exon junctions. In addition, the reverse transcription of mRNA to cDNA (routine in RNA-Seq data generation) commonly involves first-strand cDNA synthesis primed with random hexamers, which may introduce further mismatch errors in the sequencing data. For these reasons, more-sophisticated statistical modelling and filtering approaches, such as JACUSA (Piechotta et al., 2017), were developed to minimize false positives in the identification of RNA editing sites using high-throughput sequencing data, particularly in distinguishing genome-sequence polymorphisms from RNA editing sites. Combining genome sequencing reads and the RNA-Seq reads derived from the same source strain/isolate, JACUSA first identifies and excludes putative sites of genome-sequence polymorphism. Coverage of genome versus RNA-Seq reads across the RDD sites is modelled following a distribution based on empirical Bayesian estimates, for which statistically significant RNA editing sites are identified using likelihood ratio tests against a probability vector expected at random. False positives arose from incorrect read mapping and reverse transcription errors are further minimized using a sophisticated filtering approach (Piechotta et al., 2017). Based on simulation of 60,000 random non-overlapping sites, JACUSA yielded the highest recovery of true positives at 95.9%, outperforming other tools including SAMtools/BCFtools (Li, 2011), REDItools (Picardi and Pesole, 2013) and MuTect (Cibulskis et al., 2013). The use of robust statistical models testing in JACUSA also enables the detection of RNA editing sites with low read-coverage and/or variant frequency, compared to the otherwise arbitrarily defined thresholds (e.g. ≥ 10 reads coverage and ≥ 10% variant frequency) used in other tools (Wang et al., 2013).

Here, using high-quality genome and transcriptome data from two distantly related taxa, we assess the evolutionary conservation and functional role of RNA editing sites in dinoflagellates. We targeted the thermotolerant coral symbiont Durusdinium trenchii CCMP2556 (Order Suessiales) and the free-living, bloom-forming Prorocentrum cordatum CCMP1329 (Order Prorocentrales), for which the relevant data are available. D. trenchii is found in tropical coral reefs (Cunning and Baker, 2020), whereas P. cordatum is a potential toxin producer found in open oceans globally (Seebens et al., 2016; Khanaychenko et al., 2019). Using independently generated transcriptome data of these isolates from distinct growth conditions related to heat stress, we assess condition-specific editing of RNAs, and its implications on differential gene expression.




2 Materials and methods



2.1 Genome and transcriptome data

For Durusdinium trenchii CCMP2556, the assembled genome and predicted protein-coding genes were obtained from Dougan et al. (2022a), and the assembled transcriptomes from Bellantuono et al. (2019). All relevant sequence reads were retrieved from NCBI, respectively for genome (BioProject PRJEB66001) and transcriptome (BioProject PRJNA508937) data. For Prorocentrum cordatum, the assembled genome, transcriptomes, and predicted protein-coding genes were acquired from Dougan et al. (2023), whereas the relevant sequence reads were retrieved from NCBI (BioProject PRJEB54915). See Tables 1, 2, and Supplementary Table 1 for detail.


Table 1 | Statistics of genome assemblies and predicted protein-coding genes used in this study.




Table 2 | Transcriptome (RNA-Seq) reads used in this study.






2.2 Identification of RNA editing sites

We adopted a conservative approach (Piechotta et al., 2022) to identify putative RNA editing sites using a combination of genome and transcriptome data, specifically to tease apart the genomic heterogeneity (or polymorphism) and the actual edited RNAs as observed in the transcripts (i.e., the RNA-Seq data). An observed nucleotide variation in the RNA-Seq reads but not in genome-sequence reads, satisfying a stringent requirement indicating statistical significance, is considered a putative RNA edited site. To do this, 25% of all genome-sequence reads (randomly sampled) were mapped to the final genome assembly using bwa-mem v0.7.17 (Li, 2013) (https://github.com/lh3/bwa). RNA-Seq reads from each sample (3 replicates; 6 conditions for P. cordatum and 4 conditions for D. trenchii) were mapped to the genome assembly separately with HISAT2 v2.2.1 (Kim et al., 2019) using default parameters (‐‐no-discordant) and a HGFM index that was built using known exons and splice sites from the predicted gene models of dinoflagellates. This step is particularly important because non-canonical alternative splice sites have been described in dinoflagellate genes (Shoguchi et al., 2013; González-Pech et al., 2021), and the accurate inference of intron/exon junctions enhances the accuracy of identified RNA editing sites. PCR duplicates were marked by MarkDuplicates implemented in Picard v2.23.8 (https://broadinstitute.github.io/picard/). For each condition, mapping of RNA-Seq reads was then compared against the mapped genome-sequence reads using JACUSA v2.0.1 (Piechotta et al., 2022) (call-2 -F 1024 -P2 RF-FIRSTSTRAND -s -a D,Y,H:condition=1). Specifically, the genome and RNA sequencing data were modelled independently using Dirichlet-Multinomial distribution that accounts for overdispersion, a common phenomenon when the observed variance is higher than the theoretically expected variants. The null hypothesis posits that the genome sequencing and RNA-Seq datasets originate from the same distribution. A test statistic score (Piechotta et al., 2017; Piechotta et al., 2022) was calculated to quantify the likelihood of these two datasets originating from different distributions; a larger score indicates higher precision but lower sensitivity, while a score of 0 indicates identical distributions. Setting a high score threshold prioritizes precision over sensitivity. Following the authors’ recommendation, in a stringent approach, we consider an RNA edited site to be statistically significant only if it meets all five requirements: (a) a score > 1.15 (empirical threshold that maximizes overall accuracy); (b) coverage of genome reads > 10; (c) coverage of RNA reads from each sample > 5; (d) number of putative editing type is < 2; and (e) the editing site is present in all three replicates. Impact of each RNA editing events was assessed using snpEff v5.1 (Cingolani et al., 2012).




2.3 Identification of differentially edited sites

For each RNA editing site identified in this study, we assessed whether the edited frequency is significantly different between two conditions using JACUSA v2.0.1 (Piechotta et al., 2022) (call-2 -F 1024 -P2 RF-FIRSTSTRAND -s -a D,Y). In this analysis, we focus on distinct RNA edited sites based on their loci on the genome sequences. For D. trenchii, we compared (a) free-living (28°C + 34°C) versus in hospite (28°C + 34°C), and (b) 28°C (free-living + in hospite) versus 34°C (free-living + in hospite). For P. cordatum, we compared (a) 20°C (exponential + stationary) versus 26°C (exponential + stationary), (b) 20°C (exponential + stationary) versus 30°C (exponential + stationary), (c) 26°C (exponential + stationary) versus 30°C (exponential + stationary), and (d) exponential (20°C + 26°C + 30°C) versus stationary (20°C + 26°C + 30°C). Similar to our approach for identifying RNA editing sites (above), we assessed the likelihood of RNA-Seq reads from two distinct conditions to have originated from the same underlying read-base distribution, based on the test statistic score in JACUSA (Piechotta et al., 2017). Here, the results were filtered by requiring a score > 1.56 as recommended by the authors of JACUSA.




2.4 Analysis of correlation between RNA editing and gene expression

To assess the correlation between RNA editing and gene expression, we first focused on RNA editing sites that were located within P. cordatum genes for which normalised RNA-Seq read count varied significantly among different conditions, as indicated by a coefficient of variation greater than 0.5. For each RNA editing site, we calculated the repeated measures correlation (Bakdash and Marusich, 2017) between the editing frequency of the site and the normalised expression of the corresponding gene. The editing frequency of the site was defined as the number of RNA-Seq reads supporting the edited base divided by the total number of reads mapped to the site, whereas the normalised expression of genes was calculated using the median of ratios method with DESeq2 (Love et al., 2014). We adjusted the p-values from the repeated measures correlation for multiple tests using the false discovery rate (FDR) method, and considered the correlation with adjusted p-value < 0.05 as statistically significant.





3 Results



3.1 Distribution of RNA editing types and locations are conserved in nuclear genomes of dinoflagellates

Integrating the corresponding genome and transcriptome data for each taxon using a conservative approach and a set of stringent criteria (see Materials and Methods), we identified 10,486 high-confident putative RNA editing sites in D. trenchii (Figure 1A) and 69,953 in P. cordatum (Figure 1B), implicating all 12 possible types. The 6.7-fold higher number of putative RNA editing sites in P. cordatum than in D. trenchii may be due to the ~4.6-fold larger genome size of P. cordatum (Table 1), and the higher read coverage associated with this dataset (Supplementary Table 1).




Figure 1 | Distribution of overall RNA editing types in (A) D. trenchii and (B) P. cordatum, identified from combined RNA-Seq datasets generated from distinct growth conditions. Those detected in all four conditions are common editing types in D. trenchii. Those detected in all six conditions are common editing types in P. cordatum. The proportion of these common editing types is shown as the bottom portion of each stacked bar, marked with an asterisk.



Most edits represent transitions (i.e. A-to-G, C-to-T, G-to-A, and T-to-C) in both taxa (Figures 1A, B); the most common edit is A-to-G (1,930; 18.4%) for D. trenchii, and C-to-T (11,040; 15.9%) for P. cordatum. As similarly observed in nuclear genome of S. microadriaticum for which 19% of RNA edits represent the A-to-T transversion (Liew et al., 2017), we found substantial RNA edits to be A-to-T (i.e. 1,591 [15.2%] in D. trenchii and 10,003 [14.3%] in P. cordatum). A smaller percentage of edits (i.e. 23.9% in D. trenchii and 2.42% in P. cordatum) were detected in all growth conditions; these represent instances of common RNA edits. RNA edits detected in only one condition represent 38.3% of edits in D. trenchii and 47.8% in P. cordatum; this result lends support to the notion of condition-specific RNA editing (Liew et al., 2017) as a molecular response to distinct growth conditions including heat stress. Interestingly, A-to-T transversion is the most prevalent among condition-specific edits (i.e. 25.8% in D. trenchii and 19.3% in P. cordatum), suggesting their role in molecular response to changing environments is stronger than the other editing types.

We classified all putative RNA edits based on their loci relative to the annotated structural features of the genome sequences: intergenic, untranslated region (UTR), exon (synonymous substitution site), exon (non-synonymous substitution site), and intron (Figure 2A). Among these five classes, edits in intergenic regions were the most common, accounting for 32.7% of all editing sites in D. trenchii and 39.6% in P. cordatum (Figure 2A); these edits may reflect editing in regulatory non-coding elements, such as long non-coding RNAs (lncRNAs), or unannotated mRNAs. Regulation of lncRNAs that is mediated by RNA editing has been documented in humans, for which edited RNAs are known to alter the minimal free energy of lncRNA secondary structures (Gong et al., 2016), thereby controlling their functionality (Novikova et al., 2012). The functional role of intergenic RNA editing remains to be investigated, particularly on how the edits impact lncRNA expression, which in turn affect expression of protein-coding genes. Nevertheless, based on these data, we observed a prevalence of RNA editing in coding regions in both genomes. The coding sequences harbour 52% RNA editing sites (i.e. both synonymous and non-synonymous substitution sites) in D. trenchii and 35.5% in P. cordatum, whereas these sequences account for only 5.3% and 2.7% of bases respectively in the corresponding genome (Supplementary Table 2).




Figure 2 | Distribution of RNA editing types recovered in genomic locations of D. trenchii (left) and P. cordatum (right), showing for (A) overall genomic features, (B) intergenic region, (C) UTR, (D) exon (synonymous edits), (E) exon (non-synonymous edits), and (F) intron.



In both genomes, we observed common RNA editing types that are prevalent in distinct structural genomic features. The A-to-T editing was the most frequent type in intergenic (Figure 2B) and UTR regions (Figure 2C), whereas C-to-T and T-to-C editing were more prevalent among synonymous sites in the exons (Figure 2D); no consistent patterns were observed among non-synonymous sites in the exons (Figure 2E) and among introns (Figure 2F). The tendency for A-to-T edits was the strongest in the UTR regions. For instance in D. trenchii (Figure 2C), the percentage of A-to-T edits (39.8%) was approximately three-fold greater than the second-most dominant editing type, A-to-G (13.7%).

In total, we identified 7,061 and 42,268 RNA edits within protein-coding genes, implicating 4,164 (7.5% of total 55,799) genes in D. trenchii and 11,312 (13.2% of total 85,849) genes in P. cordatum (Figure 3A; Table 1). The earlier study of S. microadriaticum (Liew et al., 2017) revealed that the distribution of edited sites across genes was not uniform, with majority (77.1%) of edited sites occurred in only 1.6% of all genes. We observed a similar trend in our results, with 49.2% of edited sites in D. trenchii and 52.3% in P. cordatum occurred in 1.6% of all genes in each corresponding genome. Many edited genes (71.0% for D. trenchii and 47.8% for P. cordatum) had only one RNA edit, whereas the greatest number of edited sites in a single gene was 32 (D. trenchii) and 86 (P. cordatum). The edited genes appear to exhibit greater expression than the non-edited genes (Supplementary Figure 1). We further observed a tendency for locations of RNA editing sites to cluster together in D. trenchii (Figure 3B) and P. cordatum (Figure 3C) based on the distance between an edit to the next; this tendency is statistically significant (p < 2.2×10-16, Wilcoxon signed-rank test) in both cases when compared to the scenario we expect by chance (based on 10,000 Monte Carlo simulated distributions), lending support to observations in the S. microadriaticum study (Liew et al., 2017).




Figure 3 | RNA edited sites per gene in dinoflagellates, showing (A) the number of sites per gene in logarithmic scale for both D. trenchii and P. cordatum, and the distribution of distances to neighbouring edits in (B) D. trenchii and (C) P. cordatum, in which each solid line represents the observed distribution, and a dashed line represents the expected distribution generated from 10,000 Monte Carlo simulations.






3.2 Differential mRNA editing in distinct growth conditions

Editing of mRNAs (i.e. in the UTR, intron, and the synonymous and non-synonymous sites of exon) have the potential to alter both their sequences and eventual expression. The frequency of mRNA editing at a site can modulate as a molecular response to changing conditions. In general, we recovered distinct numbers of differentially edited (DE) sites in the two datasets: 61 (0.6% of 10,486) in response to lifestyle and/or temperature in D. trenchii, compared to 43,591 (62.3% of 69,953) in response to growth phase and/or temperature in P. cordatum (Table 3). As a more-specific example, during a heat stress response, we identified 35 distinct DE sites (28°C versus 34°C) in D. trenchii, compared to 23,573 (20°C versus 26°C) in P. cordatum. Fewer DE sites in D. trenchii may be due in part to the fact that the naturally thermotolerant D. trenchii did not elicit strong molecular responses specific to heat stress (Bellantuono et al., 2019), and/or whole genome duplication known in this species (Dougan et al., 2022a) resulted in a smaller proportion of uniquely mapped reads (Supplementary Table 1). The 23,573 sites identified for P. cordatum provide a strong statistical power for comparative analysis; we assessed if the editing frequency at these sites reflects the differential responses between any two growth conditions. If the general editing machinery is activated or shutdown (Rieder et al., 2015), we expect to see a consistent pattern of either increased or decreased editing at the DE sites, i.e., either almost all sites (~100%) would have an increased edited frequency, or almost none (~0%) of them would. In all comparisons, we observed 46.9% to 51.1% of the DE sites to show an increased editing frequency, supporting the notion that mRNA editing in dinoflagellates is condition-specific (Liew et al., 2017).


Table 3 | Number of distinct differentially edited sites observed in D. trenchii and P. cordatum.



In S. microadriaticum (Liew et al., 2017), edited sites within differentially edited genes were predominantly associated with non-synonymous substitutions of a non-polar amino acid. Among the DE sites we identified in this study, 28 of 61 (45.9%) in D. trenchii were associated with non-synonymous substitutions, compared to 8,057 of 43,591 (18.5%) in P. cordatum. We adapted the approach by Liew et al. (2017) to assess more specifically the effect of non-synonymous substitution associated with all DE sites, specifically the substitution of an amino acid for another, independently for D. trenchii (Figure 4A) and for P. cordatum (Figure 4B). No clear pattern was observed for D. trenchii, likely due to the small number of DE sites. For P. cordatum, we observed a prevalence of amino acid changes from a non-polar side chain to another, similar to S. microadriaticum (Liew et al., 2017); the most common change was from alanine (Ala) to valine (Val) at 199 sites (Figure 4B).




Figure 4 | Substitution of amino acids caused by differential mRNA editing events, shown independently for (A) D. trenchii overall, (B) P. cordatum overall, and P. cordatum during stationary phase at (C) 30°C, and (D) 20°C. The y-axis represents the original amino acid, while the x-axis represents the post-edited amino acid. Each amino acid is denoted by its single-letter code, coloured based on the property of its side chain, with non-polar residues shown in red, polar uncharged in blue, acidic in green, and basic in purple.



These results reveal the tendency for the non-synonymous substitutions introduced by mRNA editing to preserve the physicochemical property of the amino acids, and thus the protein structure, to mitigate alterations that lead to non-functional proteins. Moreover, the near-symmetric matrix shown in Figure 4B indicates that the frequency of DE sites resulting in the change from one amino acid to another is similar regardless of the direction of change. Interestingly, the direction of amino acid change differs in response to heat stress. For instance, in our analysis of RNA edits for P. cordatum during stationary phase, Val-to-Ala changes (49) were more frequent than Ala-to-Val (31) at 30°C (Figure 4C), whereas the reverse trend was observed at 20°C (21 Val-to-Ala, and 49 Ala-to-Val; Figure 4D); these changes implicate 143 genes that encode functions including transmembrane proteins and transporters (Supplementary Table 3). This observation lends support to the notions that protein sequences of thermophiles tend to have alanine in place of valine in their homologs among the mesophiles (Vogt et al., 1997), and that Val-to-Ala changes improve thermal stability of transmembrane proteins (Kulandaisamy et al., 2021). For instance, a P. cordatum gene that putatively encodes ceramide synthase (a homolog of longevity assurance gene) harbours a T-to-C editing site at the second codon position resulting in the Val-to-Ala change, with ~10-fold higher editing frequency during stationary growth phase at 30°C than at 20°C (Figure 5). The gene homolog in yeast is known to promote programmed cell death by establishing a lateral diffusion barrier in the nuclear envelope, thereby accumulating aging factors (Megyeri et al., 2019). The P. cordatum gene may play a similar role under heat stress, as programmed cell death is common in unicellular organisms to enhance genetic and population fitness (Bidle, 2016). Although greater editing frequency was observed in cells grown at 30°C, only 1.7–2.7% of mapped transcripts among the three replicates exhibit the T-to-C edit (Figure 5). This observation may reflect heterogeneity of transcriptomes from the bulk RNA-Seq analysis, which can be further investigated using single-cell transcriptome analysis.




Figure 5 | An example of differentially edited site, showing a T-to-C edit relative to the P. cordatum genome, in cells extracted during stationary growth phase at 30°C versus 20°C. (A) Coverage of mapped genome versus RNA-Seq reads along the implicated gene that putatively encodes ceramide synthase (a homolog of longevity assurance gene). (B) Zoomed inset (at 5 bp resolution) centred at the RNA editing site showing T (in the genome) at the second position of the codon of valine, with the percentage of mapped reads that exhibit editing at that position (with C instead of T) shown as a bar chart for each RNA-Seq sample and for the genome reads.






3.3 Correlation of mRNA editing to gene expression

To assess the potential correlation of mRNA editing to gene expression, we focus on the large number of DE sites we identified in P. cordatum; these data provide a strong statistical power for comparative analysis. We first assessed the correlation of mRNA edits to gene expression in the six growth conditions (Table 2). Among the 53,595 mRNA edits harboured by 14,700 genes that exhibit highly variable expression (coefficient of variation > 0.5), we identified 4,309 edited sites (8.0% of 53,595) for which the edit frequency was positively correlated (repeated measures correlation (Bakdash and Marusich, 2017), FDR < 0.05) with the expression of the corresponding transcripts.

The distribution of correlation coefficients differed by their genomic region (Figure 6A) and type of mRNA edit (Figure 6B). The strongest correlation to gene expression was observed in edits within the UTR regions (repeated measures correlation, FDR < 0.05, mean coefficient = 0.56), and among the A-to-T edits (FDR < 0.05, mean coefficient = 0.55); this observation suggests that editing in the UTR and/or the A-to-T editing type are associated with up-regulation of gene expression. Because the A-to-T transversion is also dominant among edits observed in UTR regions (Figure 2C), we further assessed whether the observed association is solely due to editing in UTR regions, A-to-T editing, or both. We found that gene expression was positively correlated (Fisher’s exact test, p < 0.01; Supplementary Table 4) to A-to-T editing consistently in all editing classes (reflecting genomic regions), and within the UTR regions, to multiple editing types, i.e. A-to-T, A-to-G, G-to-A, C-to-T, and T-to-C (Fisher’s exact test, p <0.01; Supplementary Table 5). These results suggest that editing in the UTR and the A-to-T editing type are associated with the up-regulation of gene expression independently. These edits may modulate gene expression by altering the binding efficiency of the mRNAs with other regulatory elements such as microRNAs (Shang et al., 2023), and/or changing the secondary structure of mRNAs (Ruchika and Tsukahara, 2021), although the mechanisms that underpin these associations remain to be investigated.




Figure 6 | Distribution of correlation coefficients between mRNA edits and the associated gene expression in P. cordatum, based on (A) distinct genomic regions and (B) type of RNA edit. Each dot represents an RNA editing event for which the editing frequency is significantly correlated to gene expression (repeated measures correlation, FDR <0.05). Mean values of the coefficient are shown.







4 Discussion

The prevalence of A-to-T transversion among the RNA edits we observed in dinoflagellates are in stark contrast to findings in other eukaryotes, in which A-to-T commonly constitutes < 5% of RNA edits (Li et al., 2011; Wang et al., 2020). Our approach using JACUSA (Piechotta et al., 2017; Piechotta et al., 2022) rely on sequencing depth of genome and transcriptome data independently as supporting evidence to tease apart single nucleotide polymorphism in the genome (i.e. genomic heterogeneity) versus an edited transcript (see Materials and Methods). A potential concern of this approach is that rare genomic polymorphisms may have escaped detection, causing a false positive detection of an RNA edit when compared against an assembled transcript, i.e. a base difference in the transcript is an outcome of genomic nucleotide polymorphism rather than an actual editing event. If the large number of A-to-T transversions reflect this technical bias, the genome-sequence coverage implicating these sites is expected to be significantly lower than those of the other editing sites. We observed no significant biases in genome-sequence coverage across sites implicating the 12 editing types in both genomes (Supplementary Figure 2). In combination with the earlier observation in S. microadriaticum based on a different approach (Liew et al., 2017), the prevalence of A-to-T edits is unlikely due to technical biases, and reflect a distinct editing feature in the nuclear genomes of dinoflagellates. The abundance of A-to-T edits we identified in the intergenic and UTR regions likely explain why few A-to-T edits were identified in the earlier studies of plastid and mitochondrial genomes in dinoflagellates (Lin et al., 2002; Zauner et al., 2004; Wang and Morse, 2006; Howe et al., 2008; Zhang et al., 2008; Dang and Green, 2009; Mungpakdee et al., 2014; Shoguchi et al., 2020), which largely focused on protein-coding sequences.

Although the genome data we used are of reasonably high quality, and the transcriptome data we analysed are extensive (especially for P. cordatum), we cannot dismiss the fact that some of the de novo assembled genome sequences could be misassembled, which may affect structural annotation of gene and genome features (Chen et al., 2020). The P. cordatum genome assembly (Dougan et al., 2023) was derived from combined PacBio long-read and Illumina short-read data using MaSuRCA, whereas the D. trenchii genome assembly (Dougan et al., 2022a) was derived from 10X Genomics linked reads, assembled using Supernova, the assembler specifically designed for these data. Both assemblies represent haploid genomes, thus the impact of genomic heterozygosity on biasing our results is expected to be minimal. The difference in data-generation strategy may contribute in part to the variable contiguity (i.e. N50 scaffold length of 349.2 Kb for P. cordatum and 774.3 Kb for D. trenchii; Table 1). The transcriptome data we used in this analysis were generated from the same isolates using RNA-Seq technology, for which polyadenylated RNAs were specifically selected for reverse transcription during preparation of sequencing libraries, which also include a step of DNAse treatment to rid of DNA in the samples. As such, RNA-Seq reads that did not map onto coding sequence regions of the genomes likely reflect transcribed non-coding RNAs (Chen et al., 2024), not DNA contamination in the samples. Trimming was not performed on these sequence reads, because JACUSA explicitly accounts for base-quality scores when estimating read-base distributions (Piechotta et al., 2017).

Although we incorporate information of known intron/exon splice signal in our analysis (see Materials and Methods) to minimize incorrect read mapping in these regions (Ramaswami and Li, 2016), we cannot dismiss false positives with absolute certainty. For instance, differences between transcripts of multiple near-identical genes that may not be resolved fully in the genome. In addition, some instances of RNA base modification, e.g. N6-methyladenosine and pseudouridine (Li et al., 2016; Schaefer et al., 2017), may affect the reverse transcription of mRNA to cDNA during the preparation of sequencing library for RNA-Seq, which may in turn manifest as an RNA edit during analysis. Nevertheless, the putative RNA editing sites we identified provide a useful resource for future research to experimentally validate the functional roles of these edits on regulating gene expression, e.g. via targeted PCR amplification.

This study presents a comprehensive analysis of RNA editing in the nuclear genomes of dinoflagellates. The pattern of RNA editing types in the distinct regions of nuclear genomes appears to be evolutionarily conserved, and underscores the important yet under-explored functional role of RNA editing in molecular regulation in dinoflagellates.
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