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Abstract

Dinoflagellates are a diverse group of phytoplankton, ranging from harmful bloom-forming
microalgae to photosymbionts that are critical for sustaining coral reefs. Genome and
transcriptome data from dinoflagellates are revealing extensive genomic divergence and
lineage-specific innovation of gene functions. However, most studies thus far have focused
on protein-coding genes; long non-coding RNAs (IncRNAs), known to regulate gene
expression in eukaryotes, are largely unexplored. Here, using both genome and transcriptome
data, we identified a combined total of 48,039 polyadenylated IncRNAs in the genomes of
three dinoflagellate species: the coral symbionts of Cladocopium proliferum and
Durusdinium trenchii, and the bloom-forming Prorocentrum cordatum. These putative
IncRNAs are shorter, and have fewer introns and lower G+C-content when compared to
protein-coding sequences. Although 37,768 (78.6%) IncRNAs shared no significant similarity
with one another, we classified all IncRNAs based on conserved sequence motifs (k-mers)
into distinct clusters following properties of potential protein-binding and/or subcellular
localisation. Interestingly, 3708 (7.7%) IncRNAs were differentially expressed in response to
heat stress, lifestyle, and/or growth phases, and they shared co-expression patterns with
protein-coding genes. Based on inferred triplex interactions between IncRNA and upstream
(putative promoter) regions of protein-coding genes, we identified a combined 19,460
putative gene targets for 3,721 IncRNAs; 907 genes exhibit differential expression under heat
stress. These results reveal for the first time the functional diversity of IncRNAs in
dinoflagellates, and demonstrate how IncRNAs, often overlooked in transcriptome data,
could regulate gene expression as a molecular response to heat stress in these ecologically

important organisms.
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Introduction

Dinoflagellates are a diverse group of microbial eukaryotes found ubiquitously in both
marine and freshwater environments. These taxa range from parasites, symbionts of various
organisms in coral reefs, to free-living species, of which some form harmful algal blooms that
have serious implications for human health. Dinoflagellates are known to have large,
complex genomes up to ~200 Gbp in size, with features atypical of eukaryotes and packaged
in permanently condensed chromosomes (Hou and Lin 2009; Lin 2011; Wisecaver and
Hackett 2011). The available genome data from dinoflagellates have revealed extensive
genomic divergence and the contribution of lifestyle to functional and structural
diversification of genes and genomic elements (John et al. 2019; Gonzélez-Pech et al. 2021;
Dougan et al. 2022b), including distinct phylogenetic signals between coding and non-coding

sequence regions (Lo et al. 2022).

Earlier studies of transcriptome data identified: (a) differentially expressed genes in
dinoflagellates relative to lifestyle (Bellantuono et al. 2019), and to biotic and abiotic stresses
(Moustafa et al. 2010; Lowe et al. 2011; Wang et al. 2019; Kang et al. 2021), (b) the trans-
splicing of spliced-leader sequences at the 5'-end of mature mRNAs (Zhang et al. 2007), (c)
diversity of transcript isoforms (Chen et al. 2022a), and, more recently in combination with
genome data, (d) protein-coding sequences (Shoguchi et al. 2013; Lin et al. 2015; Aranda et
al. 2016; Shoguchi et al. 2018; Chen et al. 2020; Stephens et al. 2020; Gonzalez-Pech et al.
2021; Chen et al. 2022b), and (e) the differential editing of mRNAs (Liew et al. 2017;
Dougan et al. 2022b) and differential exon usage (Dougan et al. 2022a) in distinct growth
conditions. In most cases, these studies employed standard RNA-Seq approaches for
eukaryotes to generate transcriptome data, whereby mRNAs with polyadenylated tails are
retained, and focused on protein-coding genes. Many non-coding RNAs (ncRNAs) would
have retained polyadenylated tails following transcription similarly to mRNAs (Ip and
Nakagawa 2012); they are likely also present in these transcriptome datasets but were largely

ignored.

Our current understanding of how gene expression is regulated in dinoflagellates
remains limited. In eukaryotes, transcription factors (TFs) bind to specific DNA region in the
genome, which could enhance or supress the transcription of associated gene(s). TFs make up

~4% of the proteome in yeast, and ~8% of the proteome in plants and mammals (Babu et al.
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2004). In comparison, proteins that contain DNA-binding domains were found to account for
only 0.15%—0.30% of all proteins in dinoflagellates (Bayer et al. 2012; Beauchemin et al.
2012). In an independent analysis of the dinoflagellates Lingulodinium polyedra and
Fugacium kawagutii, ~60% of putative TFs (i.e. DNA-binding proteins) contain a cold shock
domain, and they tend to bind to RNA instead of specific double-stranded DNA as expected
for canonical TFs (Zaheri and Morse 2021). This observation hints at the role of RNAs in

regulating gene expression in dinoflagellates.

The regulatory role of ncRNAs in gene expression has been demonstrated in diverse
eukaryotes (Hombach and Kretz 2016; Mattick et al. 2023). The two most common types of
ncRNAs with regulatory functions are microRNAs (21-23 nt in length) and long non-coding
RNAs (IncRNAs; >200 nt (Bartel 2009; Kopp and Mendell 2018), more recently
recommended as >500 nt (Mattick et al. 2023)). Target mRNA molecules are bound by
microRNAs, which supress translation of the transcript into protein and/or cause their
degradation. In dinoflagellates, microRNAs have been associated with the regulation of
protein modification, signalling, gene expression, sulfatide catabolism (Shi et al. 2017), and
amino acid metabolism (Yu et al. 2020), as well as the molecular responses to DNA damage
(Baumgarten et al. 2013) and symbiosis (Lin et al. 2015). In contrast, IncRNAs in eukaryotes
are known to serve as molecular scaffolds that link TFs to target genes, thereby altering their
transcription (Moison et al. 2021). The genome loci for IncRNA binding have also been
associated with the recruitment of chromatin-modifying complexes, thus changing the
accessibility of nearby genes or the entire chromosomes (Cerase et al. 2015). To date,

IncRNAs in dinoflagellates remain uncharacterised and largely unexplored.

Here, we investigate the conservation and functional role of IncRNAs in dinoflagellates
relative to distinct growth conditions using high-quality genome assemblies and
transcriptome datasets from three taxa: Cladocopium proliferum SCF055 (Camp et al. 2022;
Chen et al. 2022b) (an isolate formerly identified as Cladocopium goreaui SCF055 (Butler et
al. 2023)), Durusdinium trenchii CCMP2556 (Bellantuono et al. 2019; Dougan et al. 2022a),
and Prorocentrum cordatum CCMP1329 (Dougan et al. 2022b), all generated under heat-
stress experiments (Table 1). Due to the different experimental designs associated with these
independently generated datasets, they allow for assessment of heat-stress response at slightly

different resolutions: (a) early- versus late-stage response (C. proliferum), (b) free-living
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versus symbiotic stages (D. trenchii), and (c) exponential versus stationary growth phases (P.

cordatum).

Results and Discussion

LncRNAs have fewer introns and lower G+C-content than protein-coding genes

We adopted a stringent approach to identify putative IncRNAs, focusing on expressed RNAs
transcribed from genome regions that do not overlap with exons. For each of the three core
transcriptome datasets (Table 1), we first assembled the transcriptome independently, from
which we identified the IncRNAs by incorporating structural annotation of the reference
genome sequences from the corresponding taxa. We consider a transcript to be IncRNA if it
(a) mapped to the reference genome (at >95% sequence identity covering >75% of query)
and (b) did not encode any Pfam protein domains, was (c) classified as non-coding by three
methods for calculating protein-coding potential, and (d) expressed in ten or more samples;
see Methods for detail. For clarity of presentation, hereinafter we define gene strictly as a

protein-coding gene, excluding IncRNAs.

Using this approach, we identified distinct IncRNAs in C. proliferum (13,435), D.
trenchii (7,036), and P. cordatum (27,568), with a combined total of 48,039 (Table 2). The
number of IncRNAs in P. cordatum is more than twice of that in C. proliferum (genome size
~1.5 Gbp, 45,322 genes) (Chen et al. 2022b), likely due to the larger genome size (~4.75
Gbp) and number of genes (85,849) in P. cordatum (Dougan et al. 2022b). However,
proportionately, the number of IncRNAs is approximately one-third of that of genes in these
two genomes, i.e. 0.30 in C. goreaui and 0.32 in P. cordatum (Table 2). The equivalent ratio
is much smaller (0.13) in D. trenchii, which may be affected by whole-genome duplication

implicated in this lineage (Dougan et al. 2022a).

Among the three genomes, IncRNAs (mean length 447-493 bp) were shorter than the
genes (mean length 1,657-2,798 bp; Table 2). These IncRNA sequences are shorter than
commonly expected (~1 to >100 Kbp) (Mattick et al. 2023), likely due to the RNA-Seq
(short-read) transcriptome datasets used in this study, in which full-length IncRNAs may not
be recovered as readily as the long-read technology (Palos et al. 2022), and non-
polyadenylated IncRNAs (Mattick et al. 2023) would have been excluded. The IncRNAs
exhibited lower (0.90—0.94 fold) G+C-content that did the genes (e.g. mean 48.8% compared
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to 54.2% for C. proliferum; Table 2), and had fewer introns, e.g. mean 0.39 introns per
IncRNA compared to mean 9.8 introns per gene of P. cordatum (Table 2). These numbers are
comparable to earlier studies of eukaryotes, e.g. IncRNAs among the Brassicaceae plants are
shorter and with lower G+C-content compared to the genes (Palos et al. 2022), and those in

zebra finch have fewer introns than do the genes (Chen et al. 2017).

LncRNAs exhibit conserved motifs despite sharing low overall sequence similarity

To assess conservation of IncRNAs, we first identified 2,325 putatively homologous sets
from the 48,039 IncRNAs recovered in all three taxa based on shared sequence similarity.
Most IncRNAs (37,768; 78.6%) were not assigned to any homologous sets (i.e. they are
singletons). Among those assigned to a set, most (2291 of 2325 [98.5%)] sets) represent
highly duplicated IncRNAs within a genome, e.g. 1,559 homologous sets implicating 8,063
IncRNAs are specific to P. cordatum (Figure 1a). This result is consistent with the
expectation that, in contrast to genes, IncRNA sequences are not highly conserved across taxa
(Johnsson et al. 2014). Few exceptions are however known, such as the MALAT1 IncRNA
with a highly conserved 3'-end processing module in animals and a functional role in cell
cycle progression and cell migration in humans (Diederichs 2014). Interestingly, two
homologous sets implicating 24 IncRNAs were identified in all three taxa. Given the lack of
IncRNA resources for non-model systems, we searched these IncRNAs against the high-
quality curated database of human IncRNAs, FANTOM CAT (Hon et al. 2017) and other
IncRNAs from the NCBI nr database. One of the two sets, containing 19 IncRNAs, show
significant sequence similarity (BLASTn, E < 10~°) with the human IncRNA
CATG00000009539.1 in FANTOM CAT, and the Mus musculus IncRNA MSURI1 in the nr
database; CATG00000009539.1 is an intergenic IncRNA expressed in small intestine cells
(Lizio et al. 2015), whereas MSURI1 is known to rescue cell death mediated by copper/zinc
superoxide dismutase (Kaur et al. 2013). The other set does not share significant sequence
similarity to any sequences in the databases. Although the function of these IncRNAs in
dinoflagellates remains to be validated experimentally, the observed sequence similarity (e.g.
79.78% identity shared between IncRNA of P. cordatum over 75.43% of the MSURI

sequence) suggests some extent of cross-phylum sequence conservation.

Our results lend support to the lack of shared sequence similarity and/or contiguity
among IncRNAs, as observed among homologous IncRNAs in other eukaryotes (Li and Yang

2017). For this reason, the alignment-free approach based on conserved k-mers (i.e. short
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motifs of length k) provides a good alternative for identifying IncRNAs with similar
functions, specifically those containing motifs specific to protein binding and subcellular
localisation (Kirk et al. 2018). Using this approach, we generated normalised k-mer profiles
using all IncRNAs from the three genomes as background and calculated a pairwise
adjacency matrix for all possible IncRNA pairs. Using hierarchical clustering, we classified
all IncRNAs into ten clusters (Figure 1b; see Methods); those from C. proliferum and D.
trenchii tend to group together (e.g. clusters 1 and 2), distinct from P. cordatum (e.g. clusters
4,5, and 6). This observation suggests more conserved IncRNA motifs for putative protein
binding and subcellular localisation between the coral symbionts C. proliferum and D.
trenchii (both of Family Symbiodiniaceae in Order Suessiales), compared to the free-living P.
cordatum (Order Prorocentrales), consistent with phylogenetic relationships among the three

taxa.

LncRNAs are differentially expressed in response to heat stress

Using the transcriptome dataset for each taxon, we identified differentially expressed (DE)
IncRNAs in response to heat stress, growth phase, and/or lifestyle (Figure 2), based on a
stringent criterion (see Methods); in combination, we observed 3,708 DE IncRNAs. In C.
proliferum, no DE IncRNAs were observed during early-stage heat stress (T1) relative to
controls (Figure 2a) compared to 139 DE IncRNAs at late-stage heat stress (TE; Figure 2b), a
pattern which is consistent with the DE genes (1 in Figure 2a, 146 in Figure 2b). Similarly, in
an experiment that measured heat-stress response of D. trenchii at day 3 of temperature
ramping to 34°C, few DE IncRNAs (7) and genes (11) were observed (combining free-living
and symbiotic stages; Figure 2c). Interestingly, we identified three orders of magnitude
greater DE IncRNAs (1,572) and genes (3,669) under heat stress in P. cordatum (combining
both exponential and stationary growth phases; Figure 2d) than those observed for the two
symbiotic species. However, whether this stark difference was related to the distinct
ecological niches among the three taxa is unclear due to the different experimental designs
from which the data were generated, including their sequencing depths. We also observed DE
IncRNAs relative to free-living versus symbiotic stages in D. trenchii (Figure 2e), and to
distinct growth phases of P. cordatum (Figure 2f), as similarly observed for the DE genes in
the earlier studies (Bellantuono et al. 2019; Dougan et al. 2022a). A greater transcriptional
response to heat stress was observed in P. cordatum cells during stationary growth phase

(longer exposure to heat stress) than those in exponential phase (shorter exposure to heat
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stress). Our results, in combination with the previous observations (Camp et al. 2022; Dougan
et al. 2022b), suggest a greater transcriptional response in dinoflagellates under prolonged
heat stress. This may explain in part why in some earlier studies (Barshis et al. 2014; Roy et
al. 2014) that assessed transcriptional changes within a short period found few DE genes in

dinoflagellates.

LncRNAs of similar k-mer profiles tend to be co-expressed

We used weighted gene co-expression network analysis (WGCNA) to assess co-expression
of genes and IncRNAs in the three transcriptome datasets (see Methods). A WGCNA module
represents a group of similarly co-expressed genes and IncRNAs, implicating biological
processes or metabolic functions that share a similar molecular response. Independently, we
identified WGCNA modules for C. proliferum (41; Figure 3a), D. trenchii (11; Figure 3b)
and P. cordatum (53; Figure 3c). The number of IncRNAs within each module shows a
strong correlation with the number of genes (Spearman correlation coefficient = 0.88, 0.97,
and 0.81 for C. proliferum, D. trenchii, and P. cordatum). This observation suggests that
WGCNA modules containing a greater number of genes, which likely participate in more
complex biological processes and/or metabolic pathways, tend to contain a larger number of

IncRNA:s.

The k-mer profiles of IncRNAs have been associated with the repression or activation
of nearby genes in eukaryotes, and with IncRNAs sharing similar protein-binding properties,
linking conserved motifs to IncRNA function (Kirk et al. 2018). In each dinoflagellate
genome, we observed a significant correlation (Fisher’s exact test, 10,000-replicate Monte
Carlo simulations, p <107) between the overall distribution of k-mer clusters and the
expression pattern based on WGCNA modules. Among the WGCNA modules for each taxon,
we identified significant differential representation of one or more k-mer clusters in C.
proliferum (12 of 41; Table S2S1), D. trenchii (2 of 11; Table S3S2), and P. cordatum (17 of
53; Table S4S3). For example, in P. cordatum, k-mer clusters 5 and 6 were overrepresented
in the two largest modules up-regulated under heat stress (M7 and M8) but underrepresented
in the two largest modules down-regulated under heat stress (M46 and M49); the opposite
trend was observed for k-mer clusters 2, 3, and 10 (Figure 3c and Tables S4S3). The
conserved motifs of these implicated IncRNAs are rich in pyrimidine nucleotides (cytosine
and thymidine; Figure S1), indicating their capacity of binding to purine-rich DNA sequences

via Hoogsteen (or reverse Hoogsteen) hydrogen bonds (Li et al. 2016). This mode of action is
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expected in the mechanism that underpins IncRNA regulation of gene expression in
eukaryotes, whereby IncRNAs form a triple-helical structure by binding to the purine-rich

strand of target genome regions, e.g. promoters (Sentiirk Cetin et al. 2019).

These results clearly indicate a correlation between conserved IncRNA motifs and gene
expression, and by extension, gene function in dinoflagellates. Although the specific binding
sites and regulatory functions of these IncRNAs remain to be experimentally validated,
considering the binding affinity of putative TFs to RNA molecules in dinoflagellates (Zaheri
and Morse 2021), these results demonstrate the potential role of ncRNAs in regulating gene

expression in these species.

Gene targets of IncRNAs based on the predicted formation of triple-helical structures

We identified putative gene targets for all IncRNAs by inferring triplex interactions between
each IncRNA and the upstream (promoter) region of a gene, following Buske et al. (2012);
see Methods. We identified IncRNAs in C. proliferum (168; 1.3% of 13,435), D. trenchii
(142; 2.0% of 7,036), and P. cordatum (3,411; 1.2% of 27568) that putatively form a triple-
helix with promoter regions of 439, 622 and 18,399 genes (Table 3). Based on the specificity
of interactions between IncRNAs to genes, we categorised these IncRNAs broadly into four
groups: one-to-one, one-to-many, many-to-one, and many-to-many. Among these groups, no
IncRNAs showed many-to-one interactions with genes in all cases. Many-to-many
interactions were the most abundant, comprising 58.9%, 60.6%, and 82.7% of triplex-
forming IncRNAs in C. proliferum, D. trenchii, and P. cordatum, followed by the group of
one-to-one interactions, targeting genes encoding distinct functions of biological processes
(Tables S5-S4 through S1+0S9). For instance, relative to all genes of C. proliferum, those
implicated in many-to-many interactions (Table 8S7) appear to be enriched in functions
related to photoreactive repair and vesicle-mediated transport based on annotation of Gene
Ontology (GO) terms, whereas those in one-to-one interactions (Table 9S8) are enriched in

functions related to methylation and post-replication repair.

We found a greater proportion of genes interacting with IncRNAs in the free-living P.
cordatum (21.4%), compared to the two coral symbionts C. proliferum (0.9%) and D. trenchii
(1.1%) (Table 3). Moreover, this proportion is even greater for DE genes under heat stress
(24.6%), and the same trend is also observed in C. proliferum (2.1% DE genes versus 0.9%

all genes; Table 3). Interestingly, we observed no IncRNA interactions implicating DE genes
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associated with heat-stress response in D. trenchii (Table 3); this may be due in part to the
fact that D. trenchii is a naturally thermotolerant species for which the distinct lifestyle (free-
living versus symbiotic) stages elicited a much stronger differential molecular response than
did heat stress (Bellantuono et al. 2019; Dougan et al. 2022a). Although we cannot dismiss
potential false positives in our prediction of triplex interactions (Antonov et al. 2019),
particularly among the one-to-one interactions, our results indicate IncRNA interactions with

target genes as a molecular response to heat stress in dinoflagellates.

To assess the impact of IncRNAs on the overall transcriptional response to heat stress,
we focused on P. cordatum for which the largest number of IncRNAs were identified.
Specifically, we investigated the inferred interactions between IncRNAs and DE genes, i.e.
IncRNAs for which expression is positively or negatively correlated to the DE genes based on
the Spearman correlation coefficient >0.8 and p < 0.05 following Fan et al. (2019). We
identified 2941 interactions of 435 IncRNAs implicating 527 genes; remarkably, of these
interactions, 2398 (81.5%) showed a negative correlation with the expression of DE genes,
suggesting a suppression of the interacting IncRNAs on expression of target genes. This trend
aligns with the current knowledge of triplex-forming ncRNAs, most of which repress gene
expression (Martianov et al. 2007; Grote and Herrmann 2013; Grote et al. 2013; Li et al.
2016; Leisegang et al. 2022).

Among the 435 IncRNAs, 186 (42.8%) have only one gene target, implicating 137
genes, whereas the remaining 249 have multiple gene targets, forming 2755 (93.7% of 2941)
interactions with 488 genes. The correlation of expression between these 488 genes and their
interacting IncRNAs revealed three distinct clusters (Figure S2): Group I (359 genes), Group
IT (64), and Group III (65). Group I had the least number of IncRNA interactions (mean 2.37),
compared to Group II (11.08) and Group III (18.37). To reduce the bias of potential false
positives in our interpretation of these results, we focused on Groups II and I1I for which a
greater extent of IncRNA interactions were observed (Figure 4). Interestingly, these groups
consist of only up-regulated genes under heat stress. Figure 4 shows a clear pattern of
negative correlation between the expression of interacting IncRNAs and the expression of up-
regulated genes, and the association of IncRNA interactions to distinct gene functions of
Groups II and III. Based on annotation of GO terms, the up-regulated genes in Group III
largely encode functions related to microtubule-based movement and polysaccharide

metabolic process, compared to those largely encoding functions related to protein metabolic
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processes and macromolecule modification in Groups I and II. For instance, three genes in
Group III encode for the dynein heavy chain proteins (Figure 4) that are main structural and
functional components of dynein motor complexes essential for intracellular transport and
cell movements in eukaryotes, often encoded in multiple genes (Asai and Wilkes 2004). Up-
regulation of these genes has been associated with phosphorus deficiency in Prorocentrum
shikokuense, indicating enhanced intracellular trafficking or cell motility due to stress (Shi et
al. 2017). Our result hints at the role of IncRNAs in regulating the expression of these genes

in P. cordatum as a heat-stress response.

Hypothesised regulation of transcription initiation by IncRNAs in a heat-stress response

An up-regulated gene in Group II encodes peptidyl-prolyl cis-trans isomerase (PPlase).
PPIase catalyses the interconversion of the cis and trans isomers of peptidyl-prolyl peptide
bonds, which is essential for proper folding of proteins that affects their stability and function
(Vallon 2005). This up-regulated gene in P. cordatum is the putative target of 13 IncRNAs -
that are down-regulated under heat stress (Figure 4). The predicted purine-rich binding site
for these IncRNAs is located between 193 bp and 226 bp upstream of the protein-coding

sequence (Figure 5a), hypothesised to form the triple helical structure.

Notably, a TTTT motif was identified at 680 bp and 568 bp upstream of the coding
sequence, which has been described as potential core promoter motif in dinoflagellates in lieu
of the typical TATA-box in eukaryotes (Lin et al. 2015), and a known binding site for the
general transcription factor TFIID involved in the formation of the transcription preinitiation
complex (TPC) in dinoflagellates (Zaheri et al. 2022). TPC is a protein complex essential for
transcription of protein-coding genes in eukaryotes (Greber and Nogales 2019); in human,
triple-helical DNA structure at a promoter region is known to yield non-functional TPC, thus
inhibiting transcription (Jain et al. 2010). We hypothesise that the expression of IncRNAs
interacting with the putative promoter region of the PPlase-encoding gene in P. cordatum
would similarly impede TPC formation, thus suppressing the transcription of the PPlase
gene; likewise, the gene will be transcribed when the interacting IncRNAs were suppressed.
Importantly, PPlase is known to form a heterocomplex with the 90-kDa heat-shock protein,
thereby regulating various biological processes including stress responses (Subin et al. 2016;
Zgajnar et al. 2019). This likely explains the up-regulation of this gene in P. cordatum during
heat stress, supported by expression data across all sample replicates at 26°C and at 30°C

relative to 20°C (Figure 5b), when the interacting IncRNAs were down-regulated.
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Concluding remarks

We present the first comprehensive survey of IncRNAs and their expression associated with
the dinoflagellate stress response. Our results, based on high-quality transcriptome and
genome data from dinoflagellates, reveal dinoflagellate IncRNAs are differentially expressed
in response to stress, similarly to protein-coding genes. The conserved motifs for diverse
IncRNAs in the genomes of three dinoflagellate taxa, combined with their co-expression with
protein-coding genes, suggests a link between IncRNAs and gene expression and their
functional role as regulatory elements for molecular responses in dinoflagellates. These
results demonstrate the utility of k&~-mers in analysing complex, highly divergent genomic
elements. We also discovered potential gene targets whose expression may be regulated by
triplex-forming IncRNAs; these IncRNAs and their proposed functions are strong candidates
for experimental validation. Knowledge of RNA-protein binding and RNA-DNA binding in
dinoflagellates will further elucidate the possible functional domains (i.e. conserved structural
features) in IncRNAs. Our results demonstrate how the inclusion of IncRNAs in
transcriptome analyses provides novel insights into the molecular mechanisms that underpin
RNA-based regulation of gene expression in dinoflagellates in the context of complex,

atypical eukaryote genomes, that may extend more broadly to other microbial eukaryotes.

Methods and Materials

Data

We used published genome assemblies of Cladocopium proliferum SCF055 (Chen et al.
2022b), Durusdinium trenchii CCMP2556 (Dougan et al. 2022a) and Prorocentrum
cordatum CCMP1329 (Dougan et al. 2022b), for which the associated transcriptome data are
also available. For each of these taxa, a core transcriptome dataset, designed for heat stress
experiments (Table 1), were carefully selected to minimise technical biases. For the C.
proliferum dataset that consists of 24 samples (Camp et al. 2022), 16 representing T1 (early
response) and TE (late response) were included (Table 1 and Table S10); the remaining eight

were generated at control conditions that did not relate to heat stress.
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Identification of IncRNASs

We developed a customised workflow to identify putative IncRNAs using genome and
transcriptome data of dinoflagellates. For each isolate, all raw RNA-Seq reads from the core
transcriptome dataset were processed and adapter-trimmed using Fastp v0.23.2 (Chen et al.
2018), and assembled into transcripts de novo using Trinity v2.9.1 (Grabherr et al. 2011). For
C. proliferum, due to the low data yield of the core dataset (Table 1), raw reads from other
available transcriptome data (Levin et al. 2016; Chakravarti et al. 2020) (Table S10) were
also included in this step to maximise recovery. The resulted transcripts were then mapped to
their corresponding genome sequences with minimap v2.24 (Li 2018) for which the code was
modified to recognise alternative splice sites of dinoflagellate genes, and further assembled
using PASA v2.3.3 (Haas et al. 2003). Because the RNA-Seq data are generated from
polyadenylated transcripts, these PASA-assembled transcripts represent polyadenylated
protein-coding genes and IncRNAs. Protein-coding genes, i.e. transcripts that overlap with
one or more exonic regions, were identified and removed. The coding potential of the
remaining transcripts were assessed using three methods: CPC2 (Kang et al. 2017) at default
setting, and FEELnc (Wucher et al. 2017) independently at -m intergenic and -m shuffle
modes. Transcripts classified as non-coding by all three methods were retained. We then
filtered out transcripts that share significant sequence similarity to known Pfam protein
domains (BLASTx p <107); the remainder represent potential IncRNA candidates. To reduce
redundancy, overlapping sequences were clustered based on genome location, among which
the longest sequence was selected as the representative IncRNA from each cluster. To
identify IncRNAs at high confidence for each isolate, we mapped the RNA-Seq reads from
the core transcriptome dataset to the corresponding genome sequences using HISAT v2.2.1
(Kim et al. 2019), and counted the number of uniquely mapped reads using featureCounts
(Liao et al. 2014). Only IncRNA candidates (identified above) supported by 10 or more
samples (each with 10 or more uniquely mapped reads), were considered as the high-
confident putative IncRNAs and used for subsequent analysis; 48,039 putative IncRNAs were
identified this way from all three taxa (Table 2).

Identification of homologous IncRNA based on overall sequence similarity

Among the 48,039 IncRNAs identified above, we identified homologous sets based on
sequence similarity using OrthoFinder v2.3.8 (Emms and Kelly 2019). To identify putative
functions of IncRNAs, we searched the 480,349 IncRNAs against the high-quality curated
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database of human IncRNAs, FANTOM CAT (89,998 sequences tagged as /v3_robust) (Hon
et al. 2017) and all IncRNA sequences in the NCBI nr database (17,107; acquired on 15
August 2022), using BLASTn v2.11.0+ (Camacho et al. 2009).

Identification of homologous IncRNA based on conserved motifs

We used seekr (Kirk et al. 2018) to group the 48,039 putative IncRNAs into ten clusters
based on shared k-mers (at k£ = 4). Specifically, we used seekr k-mer count to count the
number of distinct 4-mers in each IncRNA and normalised the count using
seekr_norm_vector against 4-mers from all IncRNAs as background. The normalised 4-mer
profiles were then used to calculate an adjacency matrix using seekr pearson for each
possible pair of IncRNAs. Based on hierarchical clustering, we used fcluster (=10,
criterion= ‘maxclust’) available from the SciPy Python library (Virtanen et al. 2020) to group
the IncRNAs into 10 clusters. This method is more scalable to the large datasets we used in
this study compared to the Louvain algorithm used in Kirk et al. (2018), and was found to

yield similar results in the same study.

Analysis of differential expression of IncRNAs

For each core transcriptome dataset, filtered read count for transcripts (including both
IncRNAs and genes) were normalised using the getVarianceStabilizedData implemented in
DESeq2 (Love et al. 2014). To assess variation of samples within the dataset, the normalised
counts were used to derive pairwise Euclidean distance between samples, from which the
samples were grouped based on hierarchical clustering. Samples that did not group with other
replicates were considered outliers and excluded from downstream analysis. We used
DESeq2 (Love et al. 2014) to identify differentially expressed transcripts (i.e. IncRNAs and
genes) related to heat stress, lifestyle, and/or growth phase. We consider transcripts with an
adjusted (Benjamini and Hochberg 1995) p < 0.01 and absolute (logy[fold-change]) > 2 to be

differentially expressed.

Co-expression analysis

We performed weighted gene co-expression network analysis (WGCNA) (Langfelder and
Horvath 2008) to assess transcript co-expression. The soft-thresholding power parameter (7),
which assigns weighting of transcript co-expression, was carefully selected for each core

transcriptome dataset. This was guided by the scale-free topology fit index (/), calculated
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from the normalised read counts of transcripts using the pickSoftThreshold function. We used
T'= 18 in all three datasets for different reasons. For C. proliferum and P. cordatum, T =18 is
the smallest value that gave rise to /> 0.8 (representing a good fit of the network). For D.
trenchii, I was < 0.8 for T between 10 and 30; we therefore used 7' = 18 as recommended for
signed networks with fewer than 20 samples

(https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/ WGCNA/faq.html).

Next, we calculated the topological overlap matrix for signed network using bicorr
correlation (maxPOutliers=0.1, pearsonFallback= “individual ) to assess co-expression
similarity and adjacency, from which the dissimilarity was used to group the transcripts using
hierarchical clustering (method=complete). Highly co-expressed transcripts were identified
by “cutting” the branches using dynamicTreeCut (deepSplit=2, pamRespectsDendro=FALSE,
minModuleSize=3(0). We then clustered module eigengenes (method=average) and merged

those with high expression correlation (eigengene correlation > 0.9).

To assess the correlation between k-mer clustering independently for each WGCNA
module, we tested whether IncRNAs from any of the 10 k-mer clusters were significantly
over- or under-represented using Fisher’s exact test (false discovery rate < 0.01; two-tailed).
To assess conserved motifs among a set of IncRNAs, we used MEME v5.5.3 (-dna -nmotifs

3) (Bailey et al. 2015).

Identification of IncRNA targets

We used Triplexator (Buske et al. 2012) to search for possible formation of triple-helical
structures between a IncRNA and the putative promoter region of a gene following the
Hoogsteen base pairing rules. We defined putative promoter regions as 1Kb upstream of a
coding sequence following Lin et al. (2015). Triplexator was run requiring a minimum length
of 20bp for the binding region and no more than 5% mismatches, using the options -/ 20 -e 5

~fron -mrl 7 -mrp 3 -dc 5 -of 1.
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Table 1. The three core dinoflagellate transcriptome datasets used in this study.

Transcriptome dataset

Isolate i Genortr)lle Number of ~ Number of
genome size  assemoly  Condition factors Source
samples bases
Clad ) Treatment T1 (early-stage
adocopium response to 32°C)
proliferum SCF055 h 1 |
(formerly Chen etal. Treatment TE (late-stage 16 4439 Gb Camp et al.
Clacododopium (2022b)  response to 32°C) (2022)
goreaui SCF055) Control: 26°C
Durusdini Treatment 34°C (free-living
urusdmum Dougan et versus symbiotic) Bellantuono
trenchii al. (2022a) 16 193.83 Gb etal. (2019)
CCMP2556 ' Control: 28°C ’
Mild heat stress at 26°C
(exponential versus stationary
phase)
Prorocentrum 1
cordatum Dougan et gevere heat stress at 30°C 18 59338 Gp ~ Douganetal.
CCMP1329 al. (2022b) (exponential versus stationary (2022b)
phase)

Control: 20°C
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Table 2. The IncRNAs identified in the three dinoflagellate taxa, their statistics relative to

genes and the associated IncRNA:gene ratios.

Taxon Cladocopium proliferum Durusdinium trenchii Prorocentrum cordatum
SCF055 CCMP2556 CCMP1329
Metric IncRNA Gene Ratio | IncRNA Gene Ratio IncRNA Gene Ratio
Counts 13,435 45,322 0.30 7,036 55,799 0.13 27,568 85,849 0.32
Mean length (bp) 450 2,018 0.22 447 1,647 0.27 493 2,798 0.18
% G+C 48.8 54.2 0.90 51.7 55.7 0.93 61.7 65.9 0.94
Mean number of introns per 0.8 163 0.05 20 157 013 0.39 98  0.04
IncRNA/gene
()
70 IncRNAs/genes that 230 959 024 517 931 056 273 837 033
contain introns

Table 3. Predicted triplex interactions of IncRNAs and protein-coding genes in the three

dinoflagellate datasets. DE genes in response to heat stress were shown for C. proliferum (26

versus 32°C), D. trenchii (28 versus 34°C), and P. cordatum (20 versus 30°C).

C. proliferum D. trenchii P. cordatum

Number of triplex-forming IncRNAs 168 142 3411
Number of interactions 1085 2414 288977
One-to-one 59 39 558
One-to-many 10 17 33
Many-to-one 0 0 0
Many-to-many 99 86 2820
Total number of genes 45,322 55,799 85849
Genes with interacting IncRNAs 439 (0.9%) 622 (1.1%) 18399 (21.4%)
Total number of DE genes under heat stress 146 11 3669
3 (2.1%) 0 904 (24.6%)

DE genes under heat stress with interacting
IncRNAs
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Figure legends

Figure 1. Homologous IncRNAs identified in the three dinoflagellate taxa based on (a)

shared sequence similarity, and (b) conserved sequence motifs of k-mers.

Figure 2. Differentially expressed genes and IncRNAs relative to heat stress, lifestyle, and
growth phase. Volcano plots are shown for (a) C. proliferum (early-stage response T1: 32
versus 26°C), (b) C. proliferum (late-stage response TE: 32 versus 26°C), (¢) D. trenchii (34
versus 28°C), (d) P. cordatum (30 versus 20°C), (e) D. trenchii (free-living versus symbiotic
stage), and (f) P. cordatum (exponential versus stationary phase). For each panel, the x-axis
represents fold-change of transcript expression (in log> scale), and the y-axis represents the
significance of difference in adjusted p-value (in logio scale). Differentially expressed genes
(blue) and differentially expressed IncRNAs (yellow) were noted, and their numbers are

shown for each panel.

Figure 3. WGCNA modules of co-expressed IncRNAs, shown for (a) C. proliferum, (b) D.
trenchii, and (c) P. cordatum. In each panel, each row represents a WGCNA module,
showing, from left to right, the Pearson correlation coefficient of eigengenes to the two
external factors examined in the dataset (temperature, and time/lifestyle/growth phase), the
number of genes and IncRNAs in the module, and the proportion of all IncRNAs based on k-

mer cluster in stacked bar charts.

Figure 4. Correlation of expression of up-regulated P. cordatum genes under heat stress (30
versus 20°C) with the expression of their interacting IncRNAs. Each row represents a gene,
and each column represents a IncRNA. Spearman correlation of expression (absolute value
>(.8) is shown for each gene-IncRNA pair, with -1.0 indicating negative correlation, and 1.0

indicating positive correlation.

Figure 5. Hypothesised IncRNA regulation of the transcription of PPlase gene in P.

cordatum, showing (a) the putative promoter region upstream of the protein-coding sequence
and the predicted binding site for the formation of triple-helical structure, and (b) contrasting
expression pattern of the up-regulated gene encoding PPIase and the 13 interacting IncRNAs

that are down-regulated.
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sequence similarity, and (b) conserved sequence motifs of k-mers.
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Figure 2. Differentially expressed genes and IncRNAs relative to heat stress, lifestyle, and growth phase.
Volcano plots are shown for (a) C. proliferum (early-stage response T1: 26 versus 32°C), (b) C. proliferum
(late-stage response TE: 26 versus 32°C), (c) D. trenchii (28 versus 34°C), (d) P. cordatum (20 versus
30°C), (e) D. trenchii (free-living versus symbiotic stage), and (f) P. cordatum (exponential versus station-
ary phase). For each panel, the x-axis represents fold-change of transcript expression (in log, scale), and
the y-axis represents the significance of difference in adjusted p-value (in log,, scale). For better presenta-
tion, log,,(adjusted p-value) greater than 300 is displayed as 300. Differentially expressed genes (blue)
and differentially expressed IncRNAs (yellow) were noted, and their numbers are shown for each panel.
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Figure 3. WGCNA modules of co-expressed IncRNAs, shown for (a) C. proliferum, (b) D. trenchii,
and (¢) P. cordatum. In each panel, each row represents a WGCNA module, showing, from left to
right, the Pearson correlation coefficient of eigengenes to the two external factors examined in the
dataset (temperature, and time/lifestyle/growth phase), the number of genes and IncRNAs in the
module, and the proportion of all IncRNAs based on k-mer cluster in stacked bar charts.
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Figure 4. Correlation of expression of up-regulated P. cordatum genes under heat stress (30 versus
20°C) with the expression of their interacting IncRNAs. Each row represents a gene, and each column
represents a IncRNA. Spearman correlation of expression (absolute value > 0.8) is shown for each
gene-IncRNA pair, with —1.0 indicating negative correlation, and 1.0 indicating positive correlation.
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Figure 5. Hypothesised IncRNA regulation of the transcription of PPlase gene in P. cordatum,
showing (a) the putative promoter region upstream of the protein-coding sequence and the
predicted binding site for the formation of triple-helical structure, and (b) contrasting
expression pattern of the up-regulated gene encoding PPlase and the 13 interacting IncRNAs

that are down-regulated.
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