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ABSTRACT 

 

The MicroRNA Repertoire of Symbiodinium, 

 the Dinoflagellate Symbiont of Reef-Building Corals 

 

Sebastian Baumgarten 

 

Animal and plant genomes produce numerous small RNAs (smRNAs) that regulate gene 

expression post-transcriptionally affecting metabolism, development, and epigenetic 

inheritance. In order to characterize the repertoire of endogenous microRNAs and 

potential gene targets, we conducted smRNA and mRNA expression profiling over nine 

experimental treatments of cultures from the dinoflagellate Symbiodinium sp. A1, a 

photosynthetic symbiont of scleractinian corals. We identified a total of 75 novel 

smRNAs in Symbiodinum sp. A1 that share stringent key features with functional 

microRNAs from other model organisms. A subset of 38 smRNAs was predicted 

independently over all nine treatments and their putative gene targets were identified. 

We found 3,187 animal-like target sites in the 3’UTRs of 12,858 mRNAs and 53 plant-

like target sites in 51,917 genes. Furthermore, we identified the core RNAi protein 

machinery in Symbiodinium. Integration of smRNA and mRNA expression profiling 

identified a variety of processes that could be under microRNA control, e.g. regulation of 

translation, DNA modification, and chromatin silencing. Given that Symbiodinium seems 

to have a paucity of transcription factors and differentially expressed genes, identification 

and characterization of its smRNA repertoire establishes the possibility of a range of 

gene regulatory mechanisms in dinoflagellates acting post-transcriptionally.  
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1 INTRODUCTION 

 

Only recently, it has been shown that animal and plant genomes produce numerous 

small, noncoding RNAs that act as a guide for the Argonaute effector protein regulating 

gene expression, affecting processes of metabolism, development, epigenetic 

inheritance, and others (Bühler et al. 2006; Esau et al. 2006; Iliopoulos et al. 2009; 

Carlsbecker et al. 2010). Three classes of small RNAs (smRNAs) have been described, 

microRNAs (miRNAs), small interfering RNAs (siRNAs), and Piwi-interacting RNAs 

(piRNAs) (Ghildiyal and Zamore 2009). miRNAs are the most common and best 

understood class of non-coding RNAs, but with ongoing research in the field of RNAi, 

differences and similarities in biogenesis and functionality of the different smRNA 

classes are becoming clearer (Carthew and Sontheimer 2009). miRNAs are ~22 nt small 

non-coding RNAs implicated in the regulation of gene expression in development and 

cell differentiation, the immune system, and homeostasis (Wienholds et al. 2005; 

Rodriguez et al. 2007). Homologous binding of the miRNA to target genes leads to 

mRNA degradation and translational inhibition but also induces DNA methylation (Bagga 

et al. 2005; Humphreys et al. 2005; Pillai et al. 2005; Benetti et al. 2008; Sinkkonen et al. 

2008; Khraiwesh et al. 2010). 

miRNAs are assumed to occur at a frequency of approximately 1% - 2% of the total 

number of genes in the genome of an organism (Bartel 2009). Furthermore, it is 

estimated that about 20% to 30% of human genes are targeted by miRNAs as indicated 

by conserved seed pairing, often flanked by adenosines (Lewis et al. 2005). After the 

discovery of the first miRNAs in Caenorhabditis elegans, sequencing surveys have 

identified miRNAs in more than 100 organisms including the base of the metazoan tree 

(Grimson et al. 2008). Only recently, miRNAs have been shown to be expressed in 
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unicellular eukaryotes and algae, e.g. Chlamydomonas reinhardtii, Ectocarpus 

siliculosus, or Porphyra yezoensis including miRNAs that were previously only known 

from higher plants (Molnar et al. 2007; Zhao et al. 2007; Cock et al. 2010; Liang et al. 

2010). Accordingly, it has been suggested that miRNAs have a long evolutionary history 

among eukaryotes (Atayde et al. 2011). However, a recent study by Tarver et al. (2012) 

that proposed a number of criteria to unambiguously identify miRNAs (e.g. presence of 

miRNA and miRNA*, non-repetitive match to the genome, miRNA and  miRNA* form a 2 

nt overhang on the 3’ arm of the pre-miRNA) showed that the majority of identified 

miRNA types from unicellular protists might be explained by alternative means. The 

authors consequently stated that while the RNAi core molecular pathway and genes are 

conserved among eukaryotes (e.g. Dicer and Argonaute proteins), the products they 

produce are not, and hence RNAi might be an example of molecular exaptation (Tarver 

et al. 2012). 

 Dinoflagellates are ubiquitous marine and freshwater protists. As free-living 

photosynthetic plankton they account for much of the primary productivity of oceans and 

lakes, arguably they are most well known however for being photosynthetic symbionts in 

marine invertebrates. Specifically, the symbiosis between unicellular, photosynthetic 

dinoflagellates of the genus Symbiodinium and scleractinian corals provide the 

foundation of coral reef ecosystems (Muscatine and Cernichiari 1969). Together with a 

specific assemblage of bacteria (among other organisms) the coral host and 

dinoflagellate symbiont constitute the so-called coral holobiont (Rosenberg et al. 2007). 

While coral reefs form biodiversity hotspots in the oceans, their presence is declining 

because of local (e.g. overfishing, eutrophication, tourism) and global (e.g. ocean 

acidification and warming) impacts (Hoegh-Guldberg et al. 2007). Two of the most 

common threats are coral bleaching that describes the physical whitening of the coral 
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colony due to the loss of Symbiodinium and their photosynthetic pigments (Glynn 

1993) and coral disease that is associated with a change in the microbial community 

(Rosenberg et al. 2007). In order to understand the molecular mechanisms driving these 

processes, researchers have conducted gene expression analyses mainly in the coral 

host (DeSalvo et al. 2008; Reyes-Bermudez et al. 2009; Voolstra et al. 2009a; Voolstra 

et al. 2009b; DeSalvo et al. 2010; Polato et al. 2010; Aranda et al. 2011) and looked at 

changes in the microbial community (Vega Thurber et al. 2008; Sunagawa et al. 2009), 

while large scale gene expression studies in Symbiodinium are lacking. Recent 

transcriptome studies in dinoflagellates and Symbiodinium in particular (Voolstra et al. 

2008; Lin et al. 2010; Moustafa et al. 2010; Bayer et al. 2012; Ladner et al. 2012) have 

revealed that dinoflagellates 1) possess a large number of genes including a complete 

set of core histones, 2) have a paucity of common transcription factors, and 3) seem to 

only regulate few genes at the level of transcription. 

Despite the significance of dinoflagellates and Symbiodinium in particular, comparatively 

few sequencing surveys have been conducted in this lineage. Given the apparent 

paucity of transcriptional regulation in Symbiodinium and related dinoflagellates, a study 

investigating the integrated expression of smRNAs and genes presents a compelling 

possibility to further understand transcriptional regulation in this lineage. Here we 

conducted a comprehensive miRNA and mRNA expression-profiling screen in the 

dinoflagellate Symbiodinium sp. A1 (https://ncma.bigelow.org/node/1/strain/CCMP2467), 

a photosynthetic symbiont of scleractinian corals. We sequenced and analyzed nine 

different experimental treatments of a cultured strain via Illumina single and paired-end 

sequencing. We were interested in elucidating the presence, complexity, and diversity of 

the smRNAome and the transcriptome in Symbiodinium. Furthermore, we integrated 
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smRNA and mRNA expression profiling in order to identify functional links between 

genes and potential smRNA regulators. 
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2 RESULTS 

2.1 smRNA diversity in Symbiodinium sp. 

 

A total of 137 million small RNA reads were sequenced over all nine experimental 

treatments. After quality filtering and adapter trimming, 103 million high-quality reads 

were retained (Figure 1, Table 1). 

 

 

Figure 1. Overview of smRNA and mRNA analysis workflow. 

Experimental Treatment

Noon 4°C 16°C 34°C 36°C 20g 60g DC DS

103 million small RNA reads

38 bona fide smRNA

smRNA expressiontarget prediction

animal-like plant- like

GO enrichment

Spearman Rank Correlation

gene expression

GO enrichment

- miRDeep2
- 219 smRNA predicted

(+ 37 smRNA)

12,858 3’UTR’s 51,917 genomic genes

- quantifier.pl
- DESeq

38 smRNA w/ 19,893 genes
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Table 1. Overview over smRNA sequencing and down-processing statistic. 
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Subsequent filtering of assembled small RNA contigs matching either the 

Symbiodinium transcriptome or known non-coding RNAs such as rRNAs, tRNAs, and 

snoRNAs removed an additional 3,743,490 (3.65%) reads. The remaining 99 million 

small RNAs collapsed to 5,125,940 distinct genome-matching small RNA sequences in a 

size range from 15 – 28 nt with the highest read counts falling into the 25 nt size fraction, 

followed by the 22 nt fraction (Figure 2A). Both size fractions were strongly biased 

towards a 5' uridine identity (Figure 2A). More than two thirds of small RNAs could be 

mapped either antisense (29.48%) or sense (39.75%) to exons, only a small portion 

were found to be repeat-associated (1.40%) or in sense (5.10%) or antisense (0.81%) 

direction to introns. 23.37% were mapped to other genomic locations. 

miRNA prediction by miRDeep2 (Friedlander et al. 2012) produced 219 non-redundant 

and so far unknown small RNAs. From this set, we identified 25 novel miRNAs (Figure 

2B) that fulfilled all criteria for miRNA identification from higher eukaryotes (see 

Methods). Another 13 small RNA candidates fulfilled these criteria, but additionally 

featured perfect base-paired complementarity of the passenger guide duplex (Figure 2C). 

This feature is known from endogenous small-interfering RNAs (endo-siRNAs) that are 

specifically cleaved from dsRNA (e.g. hairpin RNAs or repeat-associated RNAs such as 

transposons and centromeres, etc.) (Carthew and Sontheimer 2009). In the following, 

we will refer to the identified 25 miRNAs and 13 endo-siRNAs as the bona fide set of 

smRNAs in Symbiodinium sp. A1 (Figure 2D, E). 

The majority of guide smRNAs were predicted in all 9 libraries (n = 26) and another 12 

miRNAs were predicted in 8 (n = 11/12) and 7 (n = 1/12) libraries, respectively. For most 

guide smRNA sequences (n = 29), the respective passenger smRNA sequence was 

found in at least 7 libraries, and only for 2 smRNAs, the corresponding passenger 

smRNAs were only found in 2 libraries. The lengths of our bona fide set ranged from 20 
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nt to 24 nt with a majority of smRNAs featuring a length of 22 nt (n = 29). Similar 

to the results for the ~5 million small RNA sequences (Figure 2A), the 5’ identities of our 

bona fide smRNAs were highly biased towards uridine (n = 17 of 38). This provides 

support to the presence of miRNA functionality in Symbiodinium as Mi et al. (2008) have 

shown that loading of small RNAs in Argonaute proteins in Arabidopsis is directed and 

critically dependent on a 5' terminal uridine. The lengths of the corresponding precursors 

(i.e. guide strand, passenger strand, and loop) varied from 84 nt to 91 nt, and guide 

smRNAs were found to be processed from the 5’ and 3’ end of the fold-back. Minimum 

predicted free energies ranged from -37 kcalmol-1 to -83.1 kcalmol-1 with an average of -

63.54 kcalmol-1 for the foldback (Figure 2D, E). This is in line with values of validated 

pre-miRNAs from other studies. For instance, estimated values ranged from -41.7 

kcalmol-1 for the marine red algae Porphyra yezoensis (Liang et al. 2010) to -72.4 

kcalmol-1 for wheat (Yao et al. 2007). 14 precursors could be mapped to either intronic 

regions (n = 5) or to unannotated transcripts (n = 9), both regions have been described 

to encode precursor miRNAs (Kim 2005). 
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Figure 2. smRNA identification in Symbiodinium sp. A1 over 9 experimental treatments. 
(A) Lengths, genomic location, and read count distribution of small RNA reads. (B) 
Predicted secondary structure of miRNA precursors indicating the guide (red) and 
passenger (blue) strand as identified by miRDeep2 and sequencing reads matching the 
miRNA hairpin. The sequenced small RNAs mapping to the precursor are aligned below, 
with the number of reads shown on the right. (C) Predicted secondary structure of siRNA 
precursors indicating the guide (red) and passenger (blue) strand as identified by 
miRDeep2. (D, E) Bona fide set of 38 smRNAs (25 miRNAs and 13 siRNAs). Read 
counts for guide and passenger strands are pooled over all sequencing libraries. The 
number of experimental treatments that identified the passenger strand is indicated in 
brackets. MFE = Minimum Free Energy of precursor. 
 

 We used the same pipeline as above on the pooled data set of small RNA reads 

in order to identify additional smRNAs that could not be independently predicted in all 

libraries. This increased our likelihood of finding corresponding guide-passenger 

duplexes by searching a much larger sequence space. In addition to the bona fide set of 

38 smRNAs, this procedure yielded an additional 37 smRNAs, all of which have not 

been described previously (Supplemental File S1). Of those, 33 were predicted to be 

miRNAs and 4 to be endo-siRNAs as indicated by perfect base pair complementarity of 

the respective precursors.  
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2.2 smRNA expression in Symbiodinium sp. 

 

We used the bona fide set of 38 smRNAs as well as the additional set of 37 smRNAs for 

analysis of differential expression. We did not find significantly differentially expressed 

smRNAs by pairwise comparisons of treatments to the reference condition (i.e. Noon, 

DESeq, FDR < 0.1). However, multidimensional scaling of expression estimates for the 

75 smRNAs over the nine conditions indicated that smRNAs have a tendency to group 

by abiotic factor, e.g. three of the four temperature treatments (i.e. 4°C, 34°C, 36°C) 

clustered and were furthest apart from the noon reference (Figure 3). Similarly, hyper- 

and hyposaline treatments (i.e. 20g, 60g) clustered together, however, dark stress (DS) 

was also close to this cluster.  

 

 

Figure 3. Multi-dimensional scaling plot of expression estimates for 75 smRNAs. 
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2.3 smRNA target genes in Symbiodinium sp. 

 

We searched for both animal- and plant-like target genes for two reasons. Firstly, we 

only identified novel smRNAs, which we were not able to relate to other known smRNAs 

from animal or plant data sets. Secondly, Symbiodinium sp. is believed to have diverged 

between 1,300 and 1,800 million years ago (Nei et al. 2001; Hedges et al. 2004; Hackett 

et al. 2007) from the last common ancestor of eukaryotes and therefore shares a similar 

evolutionary distance to plant and animals (Koonin 2010). 

In total, we found 3,187 animal-like target sites (Supplemental File S2) in the 3’ UTRs of 

12,858 genes from the set of 51,917 genes (predicted from transcriptomic and genomic 

data, in the following referred to as the genomic gene set) (Figure 4 A). Most target sites 

corresponded to a 7mer-m8 seeds (n = 1,604). The remaining 1,583 target sites were 

flanked by a 3' adenosine in the mRNA (7mer-A1: n = 850; 8mer-A1: n = 733). Previous 

studies showed that the 3' adenosine anchor of miRNA targets is highly overrepresented 

for miRNAs of any 5' identity, and accordingly, presents a feature that reduces false 

positives in miRNA target predictions (Lewis et al. 2005). 

Most stable miRNA-mRNA duplexes were formed by 8mer-A1 target sites (mean 

ΔGDuplex = -23.42 kcalmol-1) and 7mer-m8 (mean ΔGDuplex = -22.74 kcalmol-1), followed by 

the 7mer-A1 sites (mean ΔGDuplex = -21.20 kcalmol-1). Taking into account the energy 

needed to open mRNA secondary structures (i.e. ΔGOpen), overall energy requirements 

(i.e. ΔΔG = ΔGDuplex – ΔGOpen) averaged at -12.73 kcalmol-1 and only differed slightly in 

respect to the target seeds (i.e. 8mer-A1 -13.15 kcalmol-1, 7mer-m8 -12.70 kcalmol-1, 

7mer-A1 -12.34 kcalmol-1,). 82 predicted mRNA targets provided at least two copies of  

landing sites for one specific miRNA (mean ΔΔGScore = -12.8 kcalmol-1).  
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We searched for plant-like target sites by looking for near-perfect base pairing 

between smRNAs and mRNAs in the set of 51,917 genomic genes (Figure 4 B). We 

found 34 smRNAs from the bona fide set that targeted a total of 237 genes with four or 

fewer mismatches over the total smRNA lengths. For 214 genes smRNAs showed 

complementarity in the predicted CDS, whereas for 23 genes smRNA binding sites were 

identified in the 3' UTR. In order to control the rate of false positives, we conducted 

1,000 identical searches with cohorts of 34 randomized small RNAs against the set of 

51,917 genomic genes. This analysis showed that by decreasing the number of 

mismatches from 4 to 3, the ratio of false positives dropped from around 1:3 to 1:8 

(Figure 4 C). This resulted in 53 plant-like targets with high confidence, 44 of which 

showed complementarity within the predicted CDS and 9 of which were found in the 

respective 3' UTR (Supplemental File S3). 

Next we analyzed the set of predicted and GO-annotated animal- and plant-like target 

genes for GO category overrepresentation via GOEAST (Zheng and Wang 2008) in 

order to identify molecular processes in which smRNAs are potentially involved. GO-

annotations for 777 animal-like miRNA target genes were tested for GO term enrichment 

against a background set of 4,047 GO-annotated genes (Fisher’s Exact Test, Adrian 

Alexa's scoring algorithm, P < 0.05) (Figure 4 D). Similarly, an enrichment analysis was 

conducted for 23 GO-annotated plant-like miRNA target genes that were searched 

against a background set of 18,290 GO-annotated genomic genes (Figure 4 E). For 

animal- and plant-like targets both analyses showed an enrichment of processes related 

to oxidoreductase activity, protein modification, and signaling (among others). 

Additionally, we found processes related to nucleic acid binding and nucleic acid 

topological change to be enriched in the set of predicted animal-like target genes. 
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Figure 4. smRNA target prediction of the 38 bona fide smRNA in Symbiodinium sp. A1 
(A) Target seed properties and relative frequency of animal-like mRNA target sites. (B) 
Target seed properties and number of plant-like mRNA target sites with up to three 
mismatches. (C) Number of target mRNA matches in relation to number of allowed 
mismatches. (D) Enriched GO terms in annotated animal-like targets (n = 777, P < 0.05, 
4,047 3' UTRs). (E) Enriched GO terms in annotated plant-like targets (n = 23, P < 0.05, 
18,290 genes). 
  

GO Process ID Description

Oxidoreductase

GO:0008762 UDP-N-acetylmuramate dehydrogenase activity 0.0305

GO:0016655 oxidoreductase activity, acting on NAD(P)H 0.0411

GO:0018454 acetoacetyl-CoA reductase activity 0.0412

GO:0003939 L-iditol 2-dehydrogenase activity 0.0412

GO:0046526 D-xylulose reductase activity 0.0412

GO:0004043 L-aminoadipate-semialdehyde dehydrogenase activity 0.0003

Protein Modification

GO:0006486 protein glycosylation 0.0492

GO:0006468 protein phosphorylation 0.0129

GO:0008476 protein-tyrosine sulfotransferase ac tivity 0.0412

Signaling

GO:0008158 hedgehog receptor activity 0.0106

GO:0004965 G-protein coupled GABA receptor activity 0.0412

GO:0004672 protein kinase activity 0.0448

Nucleic Acid

GO:0003916 DNA topoisomerase activity 0.0369

GO:0003725 double-stranded RNA binding 0.0412

GO:0006265 DNA topological change 0.0375

GO:0005524 ATP binding 0.0171

Misc

GO:0047879 erythronolide synthase activity 0.0412

GO:0050637 lovastatin nonaketide synthase activity 0.0412

GO:0031177 phosphopantetheine binding 0.0005

GO:0030286 dynein complex 0.0082

GO:0044432 endoplasmic reticulum part 0.0373

GO:0004321 fatty-acyl-CoA synthase activity 0.0412

GO:0009231 riboflavin biosynthetic process 0.0217

GO Process ID Description P value

Oxidoreductase 

GO:0032440 2-alkenal reductase [NAD(P)] activity 0.0126

Protein Modification

GO:0016881 acid-amino acid ligase activity 0.0113

GO:0000413 protein peptidyl-prolyl isomerization 0.0064

GO:0003755 peptidyl-prolyl cis-trans isomerase activity 0.0083

Signaling

GO:0007264 small GTPase mediated signal transduc tion 0.0217

Misc

GO:0051301 cell division 0.0487

P value
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2.4 Symbiodinium sp. A1 RNAi pathway 

 

While the extent of evolutionary conservation of smRNAs in eukaryotes is controversial, 

all organisms seem to possess a shared and inherited RNAi machinery that consists in 

its core of the proteins Dicer (DIC) and Argonaute (AGO) (Tarver et al. 2012). We 

identified one Dicer, three Argonaute homologs in our genome and transcriptome data. 

 In the Dicer homolog, we found the two RNase III domains that occupy a central 

role in the cleavage of the guide-passenger duplex from its double-stranded precursor 

(Zhang et al. 2004). More specifically, we identified the key acidic residues that 

coordinate a divalent Mg2+ ion, which is essential for the activity of the ribonuclease, to 

be conserved in our homolog (Lee et al. 2004). Additionally, we identified the conserved 

dsRBD domain, whereas a PAZ domain was not found. 

 

 

Figure 5. Alignment of functional domains of the Symbiodinium sp. A1 homolog of the 
endoribonuclease Dicer with homologs from model organisms (S. pombe, A. thaliana, C. 

RNAse III 1

RNAse III 2

* * * * * *

* * * *
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elegans, D. melanogaster, H. sapiens). Key functional residues are depicted with 
red asterisks.  
The 3 Symbiodinium Argonaute homologs all displayed a PAZ domain as well as a Piwi 

domain. The PAZ domain is shared with proteins of the Argonaute family and binds to 

dsRNA ends, preferentially with short 3' nt overhangs (Ma et al. 2004; Macrae et al. 

2006). Overall, all Argonaute homologues displayed strong evolutionary conservation to 

model organisms as well as to each other.  

 

 

Figure 6. Alignment of functional PAZ domain of Symbiodinium sp. A1 homologs of the 
Argonaute effector protein with homologs from model organisms (S. pombe, A. thaliana, 
C. elegans, D. melanogaster, H. sapiens). Key functional residues are depicted with red 
asterisks. 
 

* * *** *
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Figure 7. Alignment of functional PIWI domain of Symbiodinium sp. A1 homologs of the 
Argonaute effector protein with homologs from model organisms (S. pombe, A. thaliana, 
C. elegans, D. melanogaster, H. sapiens). Key functional residues are depicted with red 
asterisks. 
 

 Last, we were interested in elucidating whether homologs of the small RNA 2’-O-

methyltransferase (HEN1) existed. This protein is needed for final maturation of a subset 

of small RNAs (e.g. miRNAs and siRNAs in plants, piRNAs in animals, etc.) by 2’-O-

methylation on the 3’ terminal nucleotide (Huang et al. 2009). We found 1 homolog of 

Argonaute

*

*

*
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the small RNA 2’-O-methyltransferase (HEN1) showing a high degree of 

conservation in the crucial methyltransferase domain. 

 

 

 

 

Figure 8. Alignment of functional domains of the Symbiodinium sp. A1 homolog of the 
small RNA 2’-O-methyltransferase (HEN1) with homologs from model organisms (S. 
pombe, A. thaliana, C. elegans, D. melanogaster, H. sapiens). Key functional residues 
are depicted with red asterisks. 
 

2.5 Integrating smRNA and mRNA expression profiling  

 

As gene expression over all nine treatments were analysed in a previous study, we 

integrated smRNA and mRNA expression to discover potential functional relationships 

between the two. The 38 bona fide annotated smRNAs were correlated to 19,893 GO-

annotated genes of the Symbiodinium transcriptome assembly, resulting in 755,934 

* ***
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comparisons. In total, 10,220 smRNA- mRNA comparisons had a correlation 

coefficient of Rho > +0.8 or < -0.8, representing 6,737 distinct genes (Table 2). The total 

number of negatively and positively correlated genes was similar, but we found a slightly 

higher number of negatively correlated genes (5,329 genes vs. 4,891 genes). 

 

Table 2: Correlation between smRNAs and mRNAs (Spearman’s Rho > 0.8) over 9 
experimental treatments (38 smRNAs, 19,893 annotated mRNAs, 755,934 comparisons). 
  

 

 

miRNA/endo-
siRNA

No. of Genes

Neg.
Corr.

Pos.
Corr.

Total

smb333 680 217 897

smb367 339 678 1017

smb107.1 286 159 445

smb251 264 169 433

smb83 233 176 409

smb123 226 372 598

smb107.3 207 92 299

smb411 197 174 371

smb387 194 193 387

smb101 189 76 265

smb331 170 121 291

smb187 165 225 390

smb107.2 156 107 263

smb135 146 107 253

smb303 146 141 287

smb175 144 129 273

smb359 134 188 322

smb37 134 64 198

smb427 114 74 188

smb21 112 200 312

smb337 107 66 173

smb215 101 111 212

smb295 101 39 140

smb397 97 44 141

smb79 91 70 161

smb297 79 120 199

smb51 67 88 155

smb77 65 126 191

smb25 57 61 118

smb169 56 86 142

smb163 47 71 118

smb365 43 51 94

smb203 41 35 76

smb41 33 33 66

smb271 31 60 91

smb329 30 82 112

smb379 30 36 66

smb313 17 50 67

Total no. genes 5,329 4,891 10,220
Unique no.
genes 4,358 4,042 6,737
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Interestingly, the number of distinct (i.e. non-overlapping) genes was very similar to 

the total number of genes that were negatively or positively correlated. This indicates 

that relatively little overlap existed of correlated genes identified for the different 

smRNAs. The number of correlated genes for a given smRNA ranged from 17 to 680. 

We searched for enriched functions in the set of correlated genes over all smRNAs 

(Table 3). We identified 53 enriched GO terms over all smRNAs that were negatively 

correlated to mRNA expression (Fisher’s Exact Test, Adrian Alexa's algorithm, P < 0.05). 

Enriched GO terms covered a broad range of biological themes, e.g. regulation of 

translation, DNA replication, and DNA modification. Similarly, we identified 61 enriched 

GO terms over all smRNAs that were positively correlated to mRNA expression profiles. 

The analysis revealed a multitude of biological processes, e.g. protein transport, 

chromatin silencing by small RNA, Rab GTPase activity, and metabolism (among others). 
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Table 3: Enrichment of GO terms of negatively and positively correlated 
smRNA-mRNA expression pairs. 
 

 

GO Process ID Description P

Negative Correlation
Metabolism

GO:0006543 glutamine catabolic process 0.0082
GO:0009404 toxin metabolic process 0.0082

GO:0046112 nucleobase biosynthetic process 0.0045
GO:0004088 carbamoyl-phosphate synthase (glutamine-hydrolyzing) activity 0.0036

GO:0072528 pyrimidine-containing compound biosynthetic process 0.0020
GO:0047657 alpha-1,3-glucan synthase activity 0.0150

GO:0030494 bacteriochlorophyll biosynthetic process 0.0147
GO:0070409 carbamoyl phosphate biosynthetic process 0.0082

GO:0042790 transcription of nuclear large rRNA 0.0040
GO:0004070 aspartate carbamoyltransferase activity 0.0241

GO:0022900 electron transport chain 0.0144
GO:0018095 protein polyglutamylation 0.0237

Protein modifiaction
GO:0004222 metalloendopeptidase activity 0.0212

GO:0016851 magnesium chelatase activity 0.0158
GO:0004618 phosphoglycerate kinase activity 0.0150

Translation
GO:0006417 regulation of translation 0.0316

GO:0016281 eukaryotic translation initiation factor 4F complex 0.0088
Homeostasis

GO:0002028 regulation of sodium ion transport 0.0002
GO:0010617 circadian regulation of calcium ion oscillation 0.0199

Transport
GO:0042147 retrograde transport, endosome to Golgi 0.0354

GO:0015301 anion:anion antiporter activity 0.0062
GO:0015175 neutral amino acid transmembrane transporter activity 0.0103

GO:0015816 glycine transport 0.0358
GO:0015446 arsenite-transmembrane transporting ATPase activity 0.0201

GO:0001845 phagolysosome assembly 0.0040
GO:0042599 lamellar body 0.0208

GO:0048488 synaptic vesicle endocytosis 0.0498
GO:0003333 amino acid transmembrane transport 0.0489

Cell Cycle
GO:0051322 anaphase 0.0102

GO:0007076 mitotic chromosome condensation 0.0197
GO:0000911 cytokinesis by cell plate formation 0.0358

Binding
GO:0043176 amine binding 0.0309

GO:0051082 unfolded protein binding 0.0199
GO:0051538 3 iron, 4 sulfur cluster binding 0.0317

GO:0043130 ubiquitin binding 0.0355
GO:0020037 heme binding 0.0041

GO:0032549 ribonucleoside binding 0.0362
GO:0043498 cell surface binding 0.0362

DNA/RNA related
GO:0006260 DNA replication 0.0159

GO:0006307 DNA dealkylation involved in DNA repair 0.0039
GO:0035552 oxidative single-stranded DNA demethylation 0.0107

GO:0043734 DNA-N1-methyladenine dioxygenase activity 0.0111
GO:0051747 cytosine C-5 DNA demethylase activity 0.0111

GO:0003913 DNA photolyase activity 0.0014
GO:0030785 [ribulose-bisphosphate carboxylase]-lysine N-methyltransferase activity 0.0359

GO:0005971 ribonucleoside-diphosphate reductase complex 0.0101
Other

GO:0004488 methylenetetrahydrofolate dehydrogenase (NADP+) activity 0.0362
GO:0030476 ascospore wall assembly 0.0237

GO:0007585 respiratory gaseous exchange 0.0498
GO:0008484 sulfuric ester hydrolase activity 0.0150

GO:0090406 pollen tube 0.0078
GO:0000329 fungal-type vacuole membrane 0.0435

GO:0030595 leukocyte chemotaxis 0.0182
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Table 3. Enrichment of GO terms of negatively and positively correlated smRNA-mRNA 
expression pairs, continued 
 

  

Positive Correlation
Metabolism

GO:0010277 chlorophyllide a oxygenase [overall] activity 0.0261
GO:0003873 6-phosphofructo-2-kinase activity 0.0261

GO:0004331 fructose-2,6-bisphosphate 2-phosphatase activity 0.0261
GO:0003854 3-beta-hydroxy-delta5-steroid dehydrogenase activity 0.0261

GO:0006508 proteolysis 0.0482
GO:0006003 fructose 2,6-bisphosphate metabolic process 0.0262

GO:0046513 ceramide biosynthetic process 0.0062
GO:0070212 protein poly-ADP-ribosylation 0.0448

GO:0030243 cellulose metabolic process 0.0479
GO:0034587 piRNA metabolic process 0.0241

GO:0006754 ATP biosynthetic process 0.0458
GO:0005969 serine-pyruvate aminotransferase complex 0.0419

GO:2001070 starch binding 0.0446
GO:0016630 protochlorophyllide reductase activity 0.0465

Protein modification
GO:0019901 protein kinase binding 0.0022

GO:0005954 calcium- and calmodulin-dependent protein kinase complex 0.0467
GO:0070008 serine-type exopeptidase activity 0.0070

GO:0030742 GTP-dependent protein binding 0.0417
GO:0008287 protein serine/threonine phosphatase complex 0.0350

GO:0004222 metalloendopeptidase activity 0.0402
GO:0004190 aspartic-type endopeptidase activity 0.0193

GO:0080008 Cul4-RING ubiquitin ligase complex 0.0144
GO:0005516 calmodulin binding 0.0228

DNA modification
GO:0031048 chromatin silencing by small RNA 0.0144

GO:0051101 regulation of DNA binding 0.0196
GO:0046969 NAD-dependent histone deacetylase activity (H3-K9 specific) 0.0342

GO:0006289 nucleotide-excision repair 0.0309
Transcription

GO:0008023 transcription elongation factor complex 0.0262
GO:0042991 transcription factor import into nucleus 0.0398

GO:0032088 negative regulation of NF-kappaB transcription factor activity 0.0172
Stimulus response

GO:0034614 cellular response to reactive oxygen species 0.0365
GO:0009816 defense response to bacterium, incompatible interaction 0.0241

GO:0051591 response to cAMP 0.0448
GO:0019236 response to pheromone 0.0197

Cytoskeletal
GO:0008278 cohesin complex 0.0419

GO:0005815 microtubule organizing center 0.0381
GO:0051017 actin filament bundle assembly 0.0466

GO:0050840 extracellular matrix binding 0.0261
Regulation

GO:0002666 positive regulation of T cell tolerance induction 0.0262
GO:0031137 regulation of conjugation with cellular fusion 0.0398
GO:0043524 negative regulation of neuron apoptotic process 0.0350

GO:0042730 fibrinolysis 0.0144
GO:0090316 positive regulation of intracellular protein transport 0.0017

GO:0032851 positive regulation of Rab GTPase activity 0.0198
Reproduction

GO:0033057 multicellular organismal reproductive behavior 0.0119
GO:0043011 myeloid dendritic cell differentiation 0.0144

GO:0007286 spermatid development 0.0203
Transport

GO:0005343 organic acid:sodium symporter activity 0.0159
GO:0005388 calcium-transporting ATPase activity 0.0465

Other
GO:0030055 cell-substrate junction 0.0245

GO:0048311 mitochondrion distribution 0.0343
GO:0033017 sarcoplasmic reticulum membrane 0.0144

GO:0003774 motor activity 0.0180
GO:0043186 P granule 0.0197

GO:0031152 aggregation involved in sorocarp development 0.0067
GO:0005643 nuclear pore 0.0076

GO:0032580 Golgi cisterna membrane 0.0088
GO:0032506 cytokinetic process 0.0091

GO:0005545 1-phosphatidylinositol binding 0.0097
GO:0032005 signal transduction involved in conjugation with cellular fusion 0.0159

GO:0005097 Rab GTPase activator activity 0.0197
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3 DISCUSSION 

 

It is now well established that miRNAs play a central role in gene regulation in plants, 

animals, and yeast (Krol et al. 2010). Only recently, a number of studies started looking 

into smRNA diversity in unicellular eukaryotes and discovered a rich repertoire of 

miRNAs, which include lineage-specific as well as previously identified miRNAs from 

plants or animals (Molnar et al. 2007; Lin et al. 2009; Saraiya et al. 2011; Huang et al. 

2012). However, re-analysis of these data under a set of stringent criteria by Tarver et al 

(2012) indicated firstly that among analyzed protists only brown and green algae 

possess miRNAs, and secondly that no miRNAs have been identified (yet) that are 

shared between plants, animals, and protists. Here we studied smRNA expression in 

Symbiodinium, the photosynthetic dinoflagellate symbiont of scleractinian corals over 

nine different treatments in parallel with high throughput mRNA sequencing. Our aim 

was three-fold: firstly, to characterize smRNA and mRNA diversity and expression in 

Symbiodinium, secondly to identify proteins of the RNAi machinery, and thirdly to 

correlate smRNA and mRNA diversity and expression. Our study represents the most 

comprehensive smRNA and mRNA data set for a dinoflagellate to date, and we 

identified a set of 75 smRNAs (including 38 bona fide smRNAs) as well as 58,649 genes 

over all libraries. 

Within our set of 38 smRNAs we identified 25 miRNAs, which is a highly similar number 

to the 28 miRNAs that have been identified in green and brown algae using the same set 

of stringent criteria for identification and validation (Tarver et al. 2012). None of the 38 

identified smRNAs were identified in previous miRNA screens of unicellular protists, and 

we did not identify known miRNAs from animals or plants. Note that this is despite the 

fact that we were assaying nine different conditions, and accordingly, were able to query 



 

 

34 

a much larger sequencing space than previous protist studies (Molnar et al. 

2007; Cock et al. 2010). Furthermore, we were able to independently verify smRNAs 

over different experimental treatments potentially reducing the number of false positives 

considerably. 

Identifying non-conserved miRNAs but conserved Dicer and Argonaute proteins is in line 

with the hypothesis that the protein machinery to process miRNAs has a common 

evolutionary origin, whereas the set of generated miRNAs is lineage-specific (Tarver et 

al. 2012). The presence of miRNAs in single-celled dinoflagellates in itself is surprising, 

but functional processes that involve miRNAs in multicellular organisms (e.g. gene 

expression regulating metabolism, development, epigenetic inheritance) might be of 

significance in protists too. Interestingly, although we were focusing on the identification 

of miRNAs in Symbiodinium, 13 of the 38 miRNAs of the bona fide set identified by 

miRDeep2 could be categorized as siRNAs as indicated by the perfect complementarity 

of the guide passenger duplex. One explanation for this is that the typical pre-miRNA 

hairpins were not considered initially, so that siRNAs with perfect complementary base 

pairing of the hairpins were identified as well.  

Expression analysis across the nine experimental treatments did not identify any 

significant differentially expressed smRNAs among the set of 75 smRNAs. Nonetheless, 

multidimensional scaling over expression estimates for the 75 smRNAs revealed some 

tendency of grouping by treatment factor indicating that overall smRNA expression is 

different under different conditions. However, one of the criteria we used for smRNA 

validation was the independent verification under different treatments (for the bona fide 

set). Accordingly, we would have missed any smRNAs that were specifically expressed 

under a given condition but not the other conditions. Also, it has been shown that 

transcriptional regulation of mRNAs seems scarce in dinoflagellates (Van Dolah et al. 
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2007; Moustafa et al. 2010; Morey et al. 2011). Whether and how the expression of 

smRNAs is regulated has yet to be determined by the comparison and sequencing of 

replicated treatments. 

 

miRNA target identification was conducted by searching for sites that adhered to the 

general criteria for animal- and plant-like targets, as no functionally validated target sites 

of closely related species were available. For mammalian miRNA targets, the rate of 

false positives is commonly reduced by looking for evolutionary conservation between 

species as well as the presence of experimentally validated target properties (e.g. an 

adenonsine 'anchor' at position 1 of the miRNA-mRNA binding site) (Lewis et al. 2005). 

Here, we tried to increase stringency by considering target accessibilities (ΔΔG < -10 

kcalmol-1) and the multiplicity of target sites, both of which have been shown to be 

important features beyond the seed pairing matching (Kertesz et al. 2007; Grimson et al. 

2008). In contrast to the short seed matching property of animal-like miRNA targets, 

plant-like miRNA targets are known to show near-perfect complementarity and to bind 

over the total length to their respective miRNA (Bartel 2009). Furthermore, plant miRNA 

operation is not restricted to the 3' UTR as it is in animals and most plant miRNAs bind 

effectively to the coding region sequence (CDS) of their mRNA target. 

Mapping of our set of 38 bona fide smRNAs to animal- and plant-like targets identified a 

suite of potential genes that are under smRNA regulation, and we identified considerably 

more animal- than plant-like targets. Please note that whereas the criteria for animal-like 

target identification were somewhat relaxed (by the nature of animal-like target sites), we 

allowed for only three mismatches between miRNA-mRNA plant-like pairings after false 

positive estimation via randomized smRNAs. The signal-to-noise ratio of alignments with 

less than three mismatches was about 8:1 suggesting that the identified miRNA-mRNA 
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pairings were highly specific. Subsequent GO analysis of predicted target genes 

identified a common set of processes that were enriched in animal- and plant-like genes, 

although a larger number of significant GO terms were produced for animal-like target 

genes. Interestingly, GO terms for both targets could be manually assorted to 

oxidoreductase-related, protein modification, and signaling, all of which have been 

previously identified as processes that could be regulated by smRNAs (Lewis et al. 

2003; Han et al. 2010; Inui et al. 2010). 

The lengths of smRNA precursors from our set of 38 bona fide smRNAs were between 

80-90 nt, which is between the sizes for animal (60-70 nt) and plant miRNAs (e.g 

Arabidopsis thaliana: 59-689 nt) (Kozomara and Griffiths-Jones 2011). Note that due to 

constraints of the miRDeep2 core algorithm, smRNA precursors longer than 90 nt could 

not be identified in our approach. 

Taken together, we could not rule out the existence of either animal- or plant-like 

miRNAs and corresponding miRNA target sites in Symbiodinium. However, long siRNA 

precursor hairpins and lengths of pre-miRNAs as well as the existence of highly specific 

miRNA plant-like target sites argue for more plant-like smRNAs in Symbiodinium. 

Following our above reasoning that different lineages possess their distinct set of 

miRNAs, the characteristics of corresponding mRNA target sites need to be determined 

experimentally for final proof. Further studies incorporating methods that crosslink 

Argonaute proteins together with a bound miRNA and the matching mRNA, e.g. HITS-

CLIP (Chi et al. 2009), will unequivocally reveal the nature of miRNA-mRNA target 

binding in Symbiodinium.  

 

Protein alignments of our candidate RNAi proteins Dicer, Argonaute, and the small RNA 

2’-O-methyltransferase (HEN1) against homologs from model organisms revealed a 
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strong conservation of functionally important amino acid residues located 

within key domains. Despite the absence of the PAZ RNA binding domain in Dicer, 

conservation of the key protein domains in homologs of Dicer, Argonaute, and HEN1 

suggest the presence of a functional RNAi machinery in Symbiodinium, and confirms the 

deep phylogenetic history of the miRNA protein machinery. A phylogenetic tree on our 

set of Argonaute proteins from Symbiodinium and model organisms commonly clustered 

multiple homologs from a given organism next to each other, while one Symbiodinium 

homolog represented a phylogenetic ‘outgroup’ and another clustered most closely with 

a homolog from Drosophila (data not shown) providing further evidence to a common 

evolutionary origin. 

HEN1 is involved in the biogenesis of small functional RNAs, such as siRNAs and 

piRNAs in all metazoans (Huang et al. 2009). In our set of 38 bona fide smRNAs, we 

identified 13 potential siRNAs (as indicated by the perfect complementarity between 

guide and passenger strand) indicating that Symbiodinium not only produces miRNAs 

but also siRNAs. 

 

Our correlation analysis of smRNA and mRNA expression identified a large number of 

genes whose expression was highly correlated to the expression of distinct smRNAs. 

While we almost found an equal number of positively and negatively correlated genes, 

the notion that only a very small overlap of genes were correlated to the expression of 

more than one smRNA implies that there is some level of specificity. Furthermore, while 

we expect smRNA target genes to be downregulated, downstream loci of regulated 

target genes are not necessarily assumed to do so (e.g. the inhibition of an inhibitor 

results in activation). Additionally, the number of correlated genes for distinct smRNAs 

was between 66 and 1,017 indicating non-random smRNA target specificity, and also 
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that ‘small effect size’ and ‘large effect size’ smRNAs might exist in Symbiodinium. 

Brennecke et al. (2005) provided evidence that an average miRNA has approximately 

100 target sites, and our estimates are within this order of magnitude. Last, our 

downstream analysis of GO term enrichment for target sites revealed only a small 

overlap between enrichment of positively and negatively correlated processes arguing 

further for at least some level of specificity. 

Within this analysis a variety of processes were identified that are potential targets of 

smRNA control, e.g. regulation of translation, DNA modification, and chromatin silencing 

by small RNA. Not only were these processes identified before in smRNA target screens 

(Matzke and Birchler 2005; Carthew and Sontheimer 2009), but the respective 

correlation was also in the anticipated direction, e.g. we found negative correlation for 

regulation of translation and positive correlation for chromatin silencing by small RNAs. 

In regard to regulation of translation, we found the term ‘eukaryotic translation initiation 

factor 4F complex’ (eIF4F) to be enriched in the list of negatively correlated genes. This 

complex (more specifically the eIF4E component) is supposedly competing with the 

miRISC (miRNA loaded RNA-induced silencing complex) during miRNA translational 

inhibition (Carthew and Sontheimer 2009). In human, this competition has been 

proposed to emerge from position similarity between key residues of the Argonaute 2 

protein and the eIF4E protein (Kiriakidou et al. 2007). 

Correlated miRNA-mRNA expression pairs showed only marginal overlap in enrichment 

of higher-level GO ontologies. However, Fu et al. (2012) showed in a broad miRNA-

mRNA expression survey of 17,360 significant miRNA-mRNA expression pairs that only 

a minority of 72 targets related to 22 corresponding miRNAs. Taken together our data 

indicate that miRNAs potentially regulate a large fraction of protein-coding genes in 

Symbiodinium, that the regulation is miRNA-specific as implied by the small overlap of 
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genes between miRNAs, and that a multitude of processes are potentially 

prone to regulation by smRNAs as evidenced by the broad variety of processes 

identified. 
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4 CONCLUSIONS 

 

In the past decade, miRNAs have been uncovered as key regulators of gene expression 

at the post-transcriptional level. In this study we generated and analyzed a 

comprehensive smRNA and mRNA expression data set over nine experimental 

treatments in order to gain insights into smRNA and RNA diversity and expression in 

Symbiodinium. The paucity of transcription factor domain-bearing proteins, and the fact 

that the most common domains may be RNA rather than DNA binding poses the 

question as to exactly how Symbiodinium is regulating transcription. Part of the answer 

to this might come from our analysis of smRNAs in Symbiodinium. After application of 

stringent criteria, we identified a set of 38 distinct and previously unidentified bona fide 

miRNAs and siRNAs alongside the corresponding core protein machinery for smRNA 

processing. These data together with our analyses of smRNA gene targets and smRNA-

mRNA expression correlation indicate that RNAi is operational in Symbiodinium and 

potentially hundreds of genes and processes could be under smRNA control. The 

properties of identified smRNAs and the structure of potential mRNA target sites fall 

between the criteria established for animals and plants. As such, our data corroborate 

previous analyses that RNAi core proteins have a common evolutionary ancestor, but 

the smRNAs originating from the machinery are lineage-specific. Overall, the emerging 

picture is that dinoflagellates are not only distinct in terms of genome size, content, and 

transcriptional regulation, but also rival the complexity of multicellular eukaryotes as 

evidenced by the presence of a rich set of smRNAs and the corresponding protein 

machinery. Most importantly, the degree of evolutionary conservation and functional 

significance of small RNA-dependent control of organismal processes in single celled 
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eukaryotes has yet to be determined, and future studies should meticulously 

incorporate the answer to these questions in their experimental analyses. 
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5 METHODS 

5.1 Culture, experimental treatments, RNA isolation, and RNA sequencing 

 

Symbiodinium sp. A1 cultures (https://ncma.bigelow.org/node/1/strain/CCMP2467), 

originally isolated from its Stylophora pistillata host at Aqaba, Jordan, were cultured at 

23°C in f/2 medium (Guillard and Ryther 1962) on a 12h/12h day/night regime (daytime: 

6 am to 6 pm; night-time: 6 pm to 6 am, light intensity 80 μmolm-2s-1). The salt content in 

the medium was set to 40 g/l, matching the average salinity characteristic of the Red 

Sea. Exponentially growing cells were harvested at noon, at the middle of the cultures’ 

daytime phase to represent a smRNA/mRNA reference (labeled Noon: 12h/12h 

day/night). As we were interested in investigating the diversity and dynamics of 

expressed smRNAs and mRNAs in Symbiodinium sp. A1, we subjected cultures to eight 

additional treatments. Briefly, we subjected cultures to cold shock (labeled 4°C: 4°C for 4 

hours), cold stress (labeled 16°C: 16°C for 4 hours), heat stress (labeled 34°C: 34°C for 

12 hours), heat shock (labeled 36°C: 36°C for 4 hours), hyposalinity (labeled 20g: 20 g/L 

NaCl salt content for 4 hours), hypersalinity (60g: 60 g/L NaCl salt content for 4 hours), 

dark stress (labeled DS: 24 hour dark period), and dark cycle (labeled DC: 12h/12h 

night/night, sampled at midnight). 

In all cases, separate exponentially growing Symbiodinium sp. A1 cultures were 

subjected to the treatment conditions and harvested at the end of experimental 

treatment before they reached 5x106 cells/ml in order to avoid stationary phases that 

consistently yielded lower RNA quality. For total RNA isolation, 50 ml of cells were 

pelleted by spinning cultures at 3,000g for 5 minutes and subsequent washing with RO 

water. Pellets were snap frozen in liquid nitrogen and cells were ground with 

approximately 300 – 500 mg 0.1 mm silica beads (Biospec, Bartlesville, OK) under liquid 
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nitrogen to break cell walls and membranes. Small RNA and total RNA 

fractions were selectively extracted from the same pellet using the mirVana miRNA 

Isolation Kit (Ambion, Austin, TX) according to manufacturer’s instructions. All RNA 

isolations were quality-checked using Bioanalyzer (Agilent, Santa Clara, CA) and 

NanoDrop (ThermoScientific, Wilmington, DE) prior to library creation and sequencing 

by the KAUST Bioscience Core lab. For mRNA sequencing, 2 x 100 bp paired-end reads 

for Illumina sequencing were generated from oligo-dT selected total RNA using the 

Illumina TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA) according to 

manufacturer’s instructions. Sequence libraries for small RNAs were created with the 

Illumina TruSeq Small RNA Sample Prep Kit (Illumina, San Diego, CA) according to 

manufacturer’s instructions. mRNA sequencing libraries for the different conditions were 

multiplexed in equal quantities and ran on three lanes on the Illumina HiSeq 2000 

platform producing a total of 302 million paired-end reads. Small RNA libraries were 

sequenced on 4 lanes on an Illumina Genome Analyzer IIx (GA2x) and produced a total 

of 137 million small RNA reads ≤ 32nt. 

5.2 Data processing, identification, and target prediction of smRNAs 

 

From the raw FASTQ reads, low quality 3' ends were trimmed to produce reads with 3' 

ends having a Phred score of > 20, while the average Phred score of the entire read was 

> 20 as well. Further, the overall quality of each read was assessed by the probability of 

incorrect base calls under implication of the read length. The Illumina 5’ and 3’ 

sequencing adapters were trimmed with Cutadapt v1.0 (Martin 2011) and the small RNA 

libraries were further filtered to a minimum length of 18 nt. In order to remove sequences 

matching known rRNA, tRNA, and mRNA sequences, reads were assembled into short 

contigs with Velvet (Zerbino and Birney 2008). Assembled contigs that matched known 
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non-coding RNAs (rRNAs, tRNAs, snoRNAs) in the NCBI “nt” database or 

contigs matching assembled transcript sequences of Symbiodinium sp. A1 were 

removed from small RNA libraries.  

Symbiodinium miRNAs were predicted independently for each of the nine small RNA 

libraries as well as for a pooled library with miRDeep2 (Friedlander et al. 2008; 

Friedlander et al. 2012) and a draft genome assembly of Symbiodinium sp. A1. We 

applied a conservative approach for de novo miRNA annotation: only miRNAs predicted 

with a signal-to-noise ratio of 10:1 were further examined. We followed the criteria for 

miRNA identification conserved among plant and bilaterian miRNAs (Meyers et al. 2008; 

Tarver et al. 2012). Briefly, a miRNA had to fulfill the following criteria to be considered in 

the final dataset: (1) A distinct 5' terminus of the mapped miRNA (guide strand) and 

miRNA* (passenger strand), (2) the presence of a 2 nucleotide 3' overhang of the 

miRNA-miRNA* duplex, and (3) a pre-miRNA fold-back structure that had a minimum 

fold energy (MFE) < -25 kcal mol-1 (Bonnet et al. 2004). We considered small RNAs 

bona fide miRNAs if they were predicted in a minimum of seven libraries and if the 

respective miRNA* sequence was found in at least two libraries. 

Similar to the identification of miRNAs, the search for potential miRNA target genes 

followed criteria known from animal and plant model organisms. For animal-like targets, 

the reverse complement 6mer ‘seeds’ of the miRNAs 5’ nucleotides 2-7 were aligned to 

the 3’ UTRs of 12,858 mRNAs without mismatches. UTRs of mRNAs were predicted by 

MAKER (Holt and Yandell 2011) based on transcriptomic and genomic datafv. The seed 

matches were further classified by the additional complementary pairing around the seed 

to the three canonical target sites: 7mer-m8 (seed match + complementary match at 

position 8), 7mer-1A (seed match + adenine at position 1) and 8mer (seed match + 

adenine at position 1 and complementary match at position 8 according to Bartel et al. 
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(2009). Plant-like miRNA silencing is highlighted by a near perfect match 

between the miRNA and the corresponding mRNA. Target prediction was performed by 

reverse complement alignment of the miRNA to the coding region sequence (CDS) of 

51,917 genomic genes as well as to the 3’ UTRs of 12,858 of these mRNAs (see above). 

To estimate number of false positives in plant-like targets, the script 

‘random_dna_strings.pl’ (http://tata-box-blog.blogspot.com/2011/06/perl-script-to-

generate-n-random-dna.html) was used to generate 1,000 sets of random miRNA 

sequences with the same overall base composition as the native small RNAs. These 

were subsequently aligned in the same way as described above. Alignments were then 

ranked by the number of mismatches and compared to the mismatch counts of the 

miRNA target alignments. 

Further assessment of miRNA targets was based on target site accessibility of the 

mRNA secondary structure with PITA (Kertesz et al. 2007). The accessibility for the 

miRNA target site (ΔΔG) was calculated as the difference between the energy required 

to open the target mRNA secondary structure (ΔGopen), including 70 nt upstream and 70 

nt downstream of the target site as well as the energy gained by the miRNA binding 

(ΔGDuplex) (Kertesz et al. 2007). Only miRNA targets with a ΔΔG of < -10 kcalmol-1 were 

retained. Given that 3’ UTRs can contain multiple target site copies for a single miRNA, 

the target accessibility of the entire UTR for a given miRNA was calculated according to 

the formula                ∑        
   (Kertesz et al. 2007). 

Respective animal- and plant-like target sets were analyzed for GO category enrichment 

using the Adrian Alexa's weighted scoring algorithm implemented in GOEAST (Zheng 

and Wang 2008) employing a P value cutoff of 0.05. The resulting P values were not 

corrected for multiple testing since the Alexa algorithm performs non-independent 

tests, i.e. the P value computed for a given GO term is conditional on neighboring 

http://tata-box-blog.blogspot.com/2011/06/perl-script-to-generate-n-random-dna.html
http://tata-box-blog.blogspot.com/2011/06/perl-script-to-generate-n-random-dna.html
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terms. Therefore the multiple testing theory does not apply and the P values 

provided are considered adjusted (Alexa et al. 2006). 

5.3 smRNA expression and correlation 

 

Small RNA read counts were calculated with the quantifier.pl script of the miRDeep2 

package (Friedlander et al. 2012) to calculate expression. Briefly, read counts of all 

identified smRNAs as well as small RNAs that featured one additional nucleotide at the 5’ 

terminus and/or up to three additional nucleotides at the 3’ terminus were taken  

into account and summed up. The smRNA libraries were scaled by the geometric mean 

normalization method implemented in DESeq 1.12.0 (Anders and Huber 2010) and 

tested for differential expression via pairwise comparison with an FDR of 0.1. MDS 

graphs were plotted with edgeR 3.2.1 (Robinson et al. 2010). Scaled smRNA and mRNA 

expression estimates from DESeq were correlated along all nine treatments with 

Spearman’s rank correlation coefficient via the cor.test() function in the R statistical 

package (R Development Core Team 2010). Only smRNA-mRNA pairs with a 

correlation coefficient Rho > 0.8 or < -0.8 were retained and analyzed for enrichment of 

GO categories via GOEAST (Zheng and Wang 2008) using a P value cutoff of 0.05. 
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6 APPENDIX 

 

Supplemental File S1.  Additional 37 smRNAs identified from the small RNA libraries 

pooled over all nine treatments. 

Supplemental File S2. Annotated animal-like targets assorted by target seed properties 

(n = 3,187 in 3'UTRs of 12,858 mRNAs). 

Supplemental File S3. Annotated plant-like targets assorted by seed matching to CDS 

or UTR (n = 53 in 51,917 genes from genomic gene set). 
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