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Abstract 19 

Climate change-driven ocean warming is increasing the frequency and severity of bleaching 20 

events, in which corals appear whitened after losing their dinoflagellate endosymbionts (family 21 

Symbiodiniaceae). Viral infections of Symbiodiniaceae may contribute to some bleaching signs, 22 

but little empirical evidence exists to support this hypothesis. We present the first temporal 23 

analysis of a viral lineage—the Symbiodiniaceae-infecting ‘dinoRNAVs’—in coral colonies 24 

exposed to a 5-day heat treatment. Throughout the experiment, all colonies were dominated by 25 

Symbiodiniaceae in the genus Cladocopium, but 124 dinoRNAV major capsid protein 26 

‘aminotypes’ (unique amino acid sequences) were detected across coral genets and treatments. 27 

Seventeen dinoRNAV aminotypes were found only in heat-treated fragments, and 22 aminotypes 28 

were detected at higher relative abundances in heat-treated fragments. DinoRNAVs also 29 

exhibited higher alpha diversity and dispersion under heat stress. Together, these findings 30 

provide the first empirical evidence that exposure to high temperatures triggers some 31 

dinoRNAVs to switch from a persistent to a productive infection mode within heat-stressed 32 

corals. Over extended time frames, we hypothesize that cumulative dinoRNAV lysis of 33 

Symbiodiniaceae cells during productive infections could decrease Symbiodiniaceae densities 34 

within corals, observable as bleaching signs. This study sets the stage for reef-scale 35 

investigations of dinoRNAV dynamics during bleaching events.  36 

  37 
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Introduction 38 

Warming seas, driven by climate change, are increasingly causing bleaching events: mass losses 39 

of endosymbiotic dinoflagellates (family Symbiodiniaceae) from corals and other invertebrate 40 

hosts. Bleaching events often result in coral mortality and are contributing to the degradation of 41 

reef ecosystems globally (1,2). Viruses, which are diverse and abundant on coral colonies (3–7), 42 

are hypothesized to contribute to some coral bleaching signs by lysing Symbiodiniaceae cells 43 

(e.g. 8–10). Alternatively, viral shifts in conjunction with bleaching-associated stressors (11,e.g. 44 

12–14) could merely be correlated with bleaching signs or constitute opportunistic secondary 45 

infections (15,16). Beyond bleaching, viruses may influence colony health by altering the 46 

function of resident microbial symbionts or coral tissues (e.g. 17–23). Although various roles for 47 

viruses in coral bleaching, disease and function have been hypothesized, thus far, these roles 48 

have been difficult to test empirically.  49 

Symbiodiniaceae are putative target hosts of DNA and RNA viruses (reviewed in 6,7), 50 

including the ‘dinoRNAVs’, a group of dinoflagellate-infecting positive-sense single stranded 51 

RNA viruses. Although dinoRNAVs have yet to be isolated, stably propagated, and fully 52 

characterized, they have been detected from Symbiodiniaceae cultures, as well as Atlantic and 53 

Pacific corals spanning 6 genera (Table 1). These associations suggest that dinoRNAVs are 54 

prevalent as persistent infections in Symbiodiniaceae cells (8–10,24,25). Furthermore, increased 55 

dinoRNAV detection (24) and enhanced host anti-viral response (26) suggest that under stressful 56 

conditions, dinoRNAVs may switch to a more productive replication mode in which they 57 

directly lyse their hosts. This infection strategy has recently been identified in other algal host-58 

virus systems (e.g., coccolithophore Emiliana huxleyi-EhV system, 27).  59 
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Heterocapsa circularisquama RNA virus (HcRNAV), which infects free-living 60 

dinoflagellates, is among the closest known relatives to Symbiodiniaceae-infecting dinoRNAVs 61 

(24,28). HcRNAV undergoes a strictly lytic replication cycle following a latent period of 24-48 62 

hours, during which the host is infected but not lysed and viruses have not been released (29). 63 

We therefore posited that shifts by Symbiodiniaceae-infecting viruses into a more productive 64 

replication mode might also be detectable within the first few days of exposure to stress 65 

(13,24,26). Examining viral dynamics within individual colonies at the onset of thermal stress 66 

should clarify the relationship between viral infection of Symbiodiniaceae and coral bleaching 67 

signs.  68 

To investigate the role of Symbiodiniaceae-infecting viruses in coral bleaching, we 69 

quantified, for the first time, the temporal dynamics of dinoRNAVs within individual coral 70 

colonies. To accomplish this, colonies of the stony coral Pocillopora species complex were 71 

exposed to acute (+~2ºC) thermal stress, and dinoRNAV diversity was quantified over a 5-day 72 

period. We hypothesized that: (1) dinoRNAVs are common in coral colonies; (2) dinoRNAV 73 

richness increases and compositions shift under thermal stress; and (3) changes to dinoRNAVs 74 

occur within 72 hours. By analyzing dinoRNAV diversity at the amino acid level, this study 75 

partially circumvented methodological challenges arising from the high mutation rates and 76 

genetic diversity of single-stranded RNA viruses (30–32), which have previously made it 77 

difficult to compare RNA viral dynamics across ecologically relevant scales (33). As dinoRNAV 78 

work on reefs continues to progress, the aminotypes presented here may eventually merit further 79 

collapse into ‘quasispecies’—heterogeneous mixtures of related genomes (33–36)—a common 80 

approach for conceptualizing diversity within RNA virus populations.  81 

Materials and methods 82 
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Experimental design 83 

We conducted a replicated aquarium experiment (two treatments; four aquariums per treatment) 84 

in which fragments from five colonies of Pocillopora species complex (37) were exposed to 85 

control conditions (ambient reef water; 28.2˚C) or a +2.1˚C heat treatment (summer bleaching 86 

temperatures; 30.3˚C) for 5 days (See Figure S1 and Supplementary Methods, 38,39). At the start 87 

of the experiment (t(h) = 0), all fragments were photographed with a Coral-Watch Health 88 

Monitoring Chart (40) in the frame, and one fragment per colony in the control aquaria was 89 

preserved as an initial control. At five time points (t(h) = 4, 12, 24, 72 and 108 h), all fragments 90 

were photographed again and visually inspected for signs of stress (e.g., excessive mucus 91 

production), lesions and/or paling. A control and a heat-stressed fragment per colony were also 92 

preserved at each time point (generating 10 fragments per time point). DNA and RNA were 93 

extracted from each sample (which included coral animal tissue, Symbiodiniaceae cells and 94 

viruses) using a ZymoBIOMICS DNA/RNA Miniprep Kit (Zymo Research, Irvine, CA, USA) 95 

with an additional enzyme digestion step to improve viral RNA yields; cDNA was then 96 

synthesized from eluted RNA (see Supplementary Methods). At the 24 and 72 h timepoints, 97 

samples were also fixed for transmission election microscopy (TEM) imaging in 3X PBS with 98 

2% paraformaldehyde (see Supplementary Methods). 99 

To characterize the effect of the heat treatment on Symbiodiniaceae cell densities (a 100 

metric of coral health and bleaching status), we compared brightness values from standardized 101 

photographs of each coral fragment—a proxy for Symbiodiniaceae chlorophyll concentrations—102 

at the start of the experiment and at the time of preservation (see Supplementary Methods, 103 

40,41). Symbiont diversity was characterized by sequencing the internal transcribed spacer-2 104 

(ITS-2) region of Symbiodiniaceae rDNA from fragments of each coral colony using primers 105 
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from Hume et al (42) following methods in Howe-Kerr et al (43; see Supplementary Methods). 106 

Sequences were processed using Symportal (44).  107 

Sequencing of dinoRNAV major capsid protein gene amplicons, bioinformatics 108 

processing, and phylogenetic analysis 109 

The dinoRNAV major capsid protein (mcp) gene was amplified from cDNA libraries using a 110 

nested PCR protocol with degenerate primers (28); cleaned and normalized libraries were 111 

sequenced on the Illumina MiSeq platform using PE300 v3 chemistry. Processing and analysis of 112 

dinoRNAV mcp gene reads was conducted using the program vAMPirus (See Supplementary 113 

Methods for sequencing and read processing details; Veglia et al., 2021). Briefly, ASVs were 114 

generated using the UNOISE (46) algorithm with vsearch (47), and all ASVs were then 115 

translated and collapsed into unique amino acid sequences, ‘aminotypes’. Any sequences 116 

containing stop codons were removed prior to further analysis. 117 

An alignment was made in MUSCLE using aminotypes from this study, a dataset from 118 

the Great Barrier Reef (28) that was reprocessed using the methods above, and a set of reference 119 

best BLASTx hits to the NCBI database (48). The alignment (Supplementary Data 1) was 120 

trimmed to the first column on either side which contained no gaps, and then used to determine 121 

the best model for evolution (LG+G4+I) according to ModelTest-NG  (49). A maximum-122 

likelihood phylogeny was inferred with RAxML-NG (1000 bootstrap iterations) and rooted with 123 

HcRNAV as an outgroup.  124 

DinoRNAV diversity metrics based on mcp aminotypes 125 

All data processing, visualization, analysis and statistical tests were conducted in R version 4.0.2 126 

and Vegan 2.5-6 (50) on an aminotype counts table (Supplementary Data 2). For some analyses, 127 

the dataset was rarefied to 59 837 amino acid sequences. Shannon’s diversity index (H) values 128 
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were calculated based on rarefied data; expected aminotype richness values were calculated 129 

using repeated random subsampling of non-rarefied data (sample size=59 837 amino acid 130 

sequences). Venn diagrams were made from non-rarified data using the online tool 131 

http://bioinformatics.psb.ugent.be/webtools/Venn/ (accessed August 17th, 2020). For 132 

comparison, Venn diagrams were also made based on rarified data (results not shown); these 133 

Venn diagrams exhibited similar patterns but were less conservative and were therefore not 134 

included. 135 

To quantify the dispersion of dinoRNAVs between treatments and over time, a non-136 

metric multidimensional scaling (NMDS) plot was constructed based on Bray-Curtis distances 137 

from square-root-transformed rarefied data (k=2, 999 iterations), and the distance to centroid for 138 

each sample was calculated. Since dinoRNAVs differed among coral colonies, we calculated 139 

centroids for each individual colony in the control and heat treatments separately (5 colonies x 2 140 

treatments = 10 centroids) in order to examine the effect of heat treatment on dinoRNAV 141 

dispersion in a given coral colony. For this analysis, different timepoints were used as replicates.   142 

Statistical analyses 143 

We tested for differences in brightness values from the coral fragment colorimetric 144 

analysis, as well as differences in dinoRNAV aminotype alpha diversity (Shannon’s index and 145 

aminotype richness) and dispersion (distance to centroid) using linear mixed effects models 146 

(LMM) with the package LME4 v1.1-23 (40,51). We tested for an interaction between treatment 147 

and timepoint; by incorporating colony ID as a random effect, this analysis approaches a 148 

repeated measures test. F-tests were used for model selection with car v3.0-8. Assumptions of 149 

normality of the residuals were assessed visually with quantile-quantile plots and Shapiro-Wilk 150 

tests; the assumption of homogeneity of variance was visually assessed using plots with residuals 151 
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versus fitted values. Dispersion values did not follow the assumption of normality of the 152 

residuals and were square root-transformed. We also tested for differences between control and 153 

heat-treated fragments at each timepoint (using colonies as replicates), as well as per colony 154 

(using time points as replicates), on dinoRNAV aminotype diversity and dispersion with 155 

ANOVAs and controlled for type 1-errors using a Bonferroni correction.  156 

The effect of heat treatment on the overall composition of dinoRNAVs was tested with a 157 

PERMANOVA using adonis() in vegan based on Bray-Curtis distances from square-root-158 

transformed rarefied data. We tested for an interaction between treatment and colony and added 159 

time as an additional factor. Although dispersion differed significantly among groups (betadisper 160 

test), PERMANOVA is robust to heterogeneous dispersion if the design is balanced (52).  161 

Lastly, we conducted a differential abundance analysis using the non-rarefied amino acid 162 

counts table with DESeq2 v1.26.0 (53). We fitted a negative binomial model and Benjamini-163 

Hochberg FDR-corrected Wald tests (α=0.05) were used to test for differences in taxon 164 

abundance between treatment within each colony and at each timepoint after the start of the 165 

experiment (t(h)= 4, 12, 24, 72, 108). We excluded all fragments sampled at timepoint 0 and any 166 

fragments with <10 000 reads, as well as the fragment from the other treatment corresponding to 167 

the fragment with insufficient reads at the same time (colonies 3 and 5 at timepoint t(h)=4, colony 168 

3 at t(h)=72).  169 

Results 170 

Coral holobiont traits 171 

Coral fragments in the control and heat aquariums remained apparently healthy throughout the 172 

experiment; no signs of stress such as paling, mucus production, or tissue sloughing were 173 

observed. Linear mixed effects models of color values did not reveal significant paling in heat-174 
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treated coral fragments (treatment F=0.10, p=0.75; timepoint F= 0.30, p=0.59; 175 

treatment*timepoint F= 0.09, p= 0.77). Lack of color change was expected; bleaching signs are 176 

generally only detectable after weeks of ecologically relevant temperature stress—even though 177 

vital molecular processes are affected after several days (54). All colonies contained what we 178 

interpret as a species of Symbiodiniaceae closely related to Cladocopium goreaui (44,55); 179 

Symbiodiniaceae diversity did not change over time (Figure S2). 180 

Transmission electron microscopy imaging of Symbiodiniaceae and associated 181 

virus-like particles 182 

Symbiodiniaceae cells in coral fragments exposed to 24 hours of heat treatment showed a pattern 183 

of vacuolization in the chloroplasts (Figure 1a) compared to cells in control fragments (Figure 184 

1g). Many vacuoles in Symbiodiniaceae cells contained one to several VLPs with icosahedral, 185 

electron-dense capsids that were 110-170 nm in size and lacking envelopes (Figure 1a-d). 186 

Similar VLPs were observed immediately outside Symbiodiniaceae cells; some also appeared to 187 

be endocytosed by—or exiting out of—Symbiodiniaceae cells (Figure 1e-h). 188 

DinoRNAV major capsid protein (mcp) gene sequencing overview 189 

Amplicon sequencing of the dinoRNAV major capsid protein (mcp) gene resulted in 10 222 055 190 

paired raw reads from all samples and one negative control. A total of 7 593 537 reads with a 191 

mean length of 423 bases (before trimming to 422 bases) remained after merging and quality 192 

control. Denoising resulted in 273 unique amplicon sequence variants (ASVs) across all samples, 193 

and translation revealed that 11 ASVs contained stop codons; these ASVs were removed. 194 

Translated ASVs collapsed into 124 ‘aminotypes’ (unique amino acid sequences) at a length of 195 

140 amino acids. 196 
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DinoRNAV mcp genes were detected in fragments from all 5 coral colonies, but 5 control 197 

samples and the negative control were not retained for further analysis because they contained 198 

few (<10 000) amino acid sequences (the negative control had 20 amino acid sequences). All 199 

remaining samples had between 50 000 and 210 000 amino acid sequences with a mean read 200 

depth of 142 810 ± 36 163 (SD).  201 

DinoRNA viruses in Pocillopora species complex colonies are closely related to 202 

dinoRNAVs in other coral species  203 

The 124 unique dinoRNAV aminotypes (Figure 2; Table S1) identified in this study were most 204 

similar to 13 amino acid sequences from a previously published dinoRNAV library (28); 205 

sequence similarities to aminotypes from published dinoRNAVs ranged from 52.1-99.3% (e-206 

values ranged between 9.6·10-73-2.7·10-35, Table S1). All dinoRNAV mcp aminotypes in this 207 

study form a clade that is more recently derived than reference sequences such as HcRNAV, 208 

Beihai sobemo-like virus and sponge weivirus-like virus (Figure 2). The dinoRNAV aminotypes 209 

in this study may form (at least) three quasispecies (e.g. red rectangles in Figure S3, sensu 56). 210 

Strikingly, the majority of dinoRNAV mcp genes identified in our study occupy one clade; on 211 

average, sequences in this clade vary 9.8% ± 5.5 (SD) from each other (Figure 2; Figure S3). 212 

Ultra-deep sequencing may be necessary to further clarify the drivers of these potential ‘mutant 213 

cloud dynamics’ in Symbiodiniaceae hosts (57). In several branches of the tree, aminotypes from 214 

our study are most closely related to aminotypes detected from Symbiodiniaceae in Acropora 215 

tenuis, Favia fungites, Galaxea fascicularis, Pocillopora damicornis, Porites cylindrica, and 216 

Porites lutea corals sampled from the Great Barrier Reef (28). Dominant aminotypes (>1% 217 

abundance across total dataset) are present in all major branches of the tree but differ by as much 218 
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as ~40% in amino acid sequence (Supplementary Figure 3). Aminotypes detections varied across 219 

treatment and time in the experiment (shading of red and black squares in Figure 2). 220 

DinoRNAV aminotypes differed among coral colonies and treatments 221 

Approximately 34% (42 of 124 aminotypes) of aminotypes in this study were present in all 222 

colonies, 48% (60) were shared between 2-4 colonies and 18% (22) were unique to individual 223 

coral colonies (with individual colonies having up to 6 unique colony-specific aminotypes, 224 

Figure 3a). All 14 aminotypes that each comprised >1% reads in the total dataset (listed in Figure 225 

3b) were detected in all five coral colonies.  DinoRNAV aminotypes varied among individual 226 

colonies (Figure 3b); colony ID was the most powerful predictor of viral composition 227 

(PERMANOVA: R2 = 0.76, p<0.001). DinoRNAVs responded to elevated temperatures in 228 

colony-specific ways, as indicated by a significant interaction effect between treatment and 229 

colony (PERMANOVA: R2=0.068, p<0.001). Treatment was also significant by itself 230 

(PERMANOVA: R2= 0.02, p<0.001), demonstrating a subtle but consistent response to elevated 231 

temperatures across all colonies. Time was not a significant predictor (PERMANOVA: R2= 0.01, 232 

p=0.77; Figure 3b).   233 

Heat treatment rapidly increased the diversity of dinoRNAV aminotypes 234 

A total of 17 aminotypes were unique to the heat treatment; 1 aminotype was unique to the 235 

controls (Figure 4a; Table 2). Heat-specific aminotypes were observed in all colonies and ranged 236 

from 1-6 unique aminotypes per colony. Three heat-specific aminotypes were shared among 237 

multiple (2-3) coral colonies; the remaining 14 heat-specific aminotypes were not shared 238 

between colonies. These findings demonstrate that heat-specific aminotypes were not restricted 239 

to individual fragments but were shared between fragments of the same colony or among 240 
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colonies. However, most heat-specific aminotypes were relatively rare, with only two 241 

aminotypes comprising >1% of reads in each fragment (aminotypes 25 with 1.8%; aminotype 242 

114 with 1.4%; other aminotypes with means of 0.01-0.7% of reads in individual fragments). 243 

The single aminotype that was unique to control fragments was identified in one fragment after 244 

72 hours (0.02% of reads in that fragment).  245 

Alpha diversity (Shannon’s index, H) of aminotypes was positively associated with the 246 

heat treatment (F=4.92, p=0.03) and time (F=4.86, p=0.03) in our linear mixed effects model 247 

(LMM; Figure 4b, d, h). There was no significant interaction between heat and time (F=0.54, 248 

p=0.47). On average (± SE), Shannon’s index was 27% higher in heat-treated fragments (1.1 ± 249 

0.6) than controls (0.8 ± 0.6; Figure 4b). Within individual timepoints, heated fragments had 4-250 

93% higher mean H values (0.9-1.3) than controls (0.7-1.0; Figure 4d), but individual 251 

comparisons were not significant. Means of Shannon’s index per colony ranged between 0.1-1.6 252 

for control fragments and 0.5-1.8 for heat-treated fragments (Figure 4f). 253 

There was a significant positive association between viral aminotype richness and heat 254 

treatment (F=5.71, p=0.02), but not aminotype richness and time (F=0.36, p=0.55) in our LMM 255 

(Figure 4c, e, i). There was no significant interaction between treatment and time (F=0.10, 256 

p=0.75). On average, aminotype richness was 16% higher in heat-treated (37.2 ± 2.0) than 257 

control fragments (32.0 ± 2.1; Figure 4c). At individual timepoints, heat-treated fragments had 7-258 

23% higher mean aminotype richness (34.8-39.1) than controls (29.2-35.4; Figure 4e), but these 259 

differences were not significant. Mean aminotype richness for individual colonies (using 260 

timepoints as replicates) ranged between 19.5-44.6 for control fragments and 28.0-44.9 for heat-261 

treated fragments (Figure 4g). 262 
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Twenty-two aminotypes had higher relative abundances in heat-treated 263 

fragments 264 

DESeq2 analysis revealed 28 aminotypes had significantly altered relative abundances in heat-265 

treated or control fragments (Figure 5). Twenty-two aminotypes had higher relative abundances 266 

in heated fragments, whereas 6 aminotypes had higher relative abundances in controls. Ten 267 

aminotypes were differentially abundant at multiple (2-4 out of 5) timepoints throughout the 268 

experiment. Aminotypes 29, 38 and 98 were significantly more abundant in the heat treatment in 269 

4 out of 5 sampled timepoints (from 12 to 108 h); Aminotype 93 was more abundant in the final 270 

3 timepoints (from 24 to 108 h).  271 

Dispersion of dinoRNAV mcp amino acid sequences increased in heat-treated 272 

fragments 273 

Dispersion (measured as distance to centroid) of dinoRNAVs was positively associated with heat 274 

treatment (Figure 6a, b, e; F=11.00, p=0.002) in our LMM. There was no effect of time (F=1.07, 275 

p=0.31) and no interaction between treatment and time (F=0.64, p=0.43). Overall, mean (±SE) 276 

dispersion was 62% higher in the heat treatment when all colonies and timepoints were pooled 277 

(control: 0.14 ± 0.09; heat: 0.23 ± 0.13). A trend of increasing dispersion (32-100% higher) of 278 

dinoRNAVs was observed in heat-treated samples at individual timepoints (Figure 6c; controls: 279 

0.12-0.17; heat: 0.2-0.29), but individual comparisons were not significant. Mean dispersion of 280 

individual colonies (across timepoints) ranged between 0.1-0.24 for controls and 0.13-0.37 for 281 

heat-treated fragments, resulting in an increase of 11-93% per colony, but individual 282 

comparisons were not significant (Figure 6d).  283 

Discussion 284 
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Viruses can have diverse impacts on hosts, ranging from antagonistic to beneficial (58–61). 285 

Efforts to understand how viral infections impact coral colonies have been stymied by the lack of 286 

(1) a high-throughput approach to track a viral lineage in colonies across an acute stress event; 287 

and (2) established cultures of viruses associated with corals (for use in viral addition 288 

experiments). This study tracks a group of Symbiodiniaceae-infecting viruses, the dinoRNAVs, 289 

in a controlled experiment to interrogate how infection responds to temperatures associated with 290 

bleaching. DinoRNAVs were detected from all five coral colonies examined, and from every 291 

heat-treated coral fragment, but only some controls. These observations, as well as detections of 292 

higher alpha diversity of mcp aminotypes, increased dinoRNAV dispersion, the identification of 293 

unique mcp aminotypes, and greater relative abundances of specific aminotypes in heat-treated 294 

fragments, together strongly indicate that dinoRNAV infections were more active in heat-treated 295 

fragments. DinoRNAV responses were detectable within a single day, more quickly than the 296 

several weeks over which bleaching signs typically manifest. If viral infection of 297 

Symbiodiniaceae cells is enhanced (e.g., increased production, accumulation of viral diversity) 298 

during thermal anomalies in situ, then this cumulative viral activity (if maintained over weeks) 299 

could contribute to bleaching onset on reefs, or otherwise disrupt of coral-Symbiodiniaceae 300 

partnerships.  301 

DinoRNAVs as a common, persistent virus of Symbiodiniaceae 302 

DinoRNAV mcp genes were detected in all colonies (N=5), and in most to all fragments per 303 

colony (73-100% of fragments, N=8/11 – 11/11 fragments per colony). DinoRNAV genes have 304 

additionally been reported from colonies of seven other stony coral species across the Atlantic 305 

and Pacific Oceans (Table 1, Figure 2), suggesting that these viruses are commonly associated 306 

with coral microbiota. In this experiment, viral aminotype compositions (and potential viral 307 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 19, 2021. ; https://doi.org/10.1101/2021.03.17.435810doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.17.435810


15 

 

quasispecies) differed among coral colonies, but were similar within the fragments of a given 308 

colony, despite maintenance in separate aquaria (Figure 3). These results suggest that, under 309 

ambient conditions, dinoRNAV populations are driven strongly by within-colony factors and are 310 

relatively homogeneously distributed throughout entire coral colonies. RNA viruses rely on 311 

RNA-dependent RNA polymerase (RdRp) for replication, which is relatively error-prone. 312 

Therefore, individual viral progenitors infecting Symbiodiniaceae cells in a given colony may 313 

each produce a variety of genetically distinct viral “progeny” during a single replication cycle 314 

(34,62); hence, the observed pattern of colony-specificity in dinoRNAV aminotypes likely 315 

results from diversification within ‘quasispecies’ and (potentially) subsequent purifying selection 316 

(33,63–65). This production of a ‘mutant cloud’ of dinoRNAV diversity may even help ensure 317 

these viruses are successful (at the population level) at infecting Symbiodiniaceae under 318 

changing environmental conditions (35). 319 

Healthy corals contain millions of Symbiodiniaceae cells per cm2 of coral tissue; our 320 

results suggest that Symbiodiniaceae cells in hospite may be infected by one or perhaps several 321 

dinoRNAV quasispecies at any given time (e.g., Symbiodiniaceae in colonies 2 and 3, Figures 2 322 

and 3). Recent surveys of free-living marine microbial communities reported that viral infections 323 

may occur in ~33% (66,67) to over 60% (68) of marine microorganisms, and many individual 324 

cells may be infected by several viruses at a given time (66,69). Considering that our sequencing 325 

data are based on mcp gene amplicons from RNA libraries generated from unfractionated coral 326 

tissue, dinoRNAV mcp gene detections could potentially arise from several sources, including 327 

RNA genomes within intact dinoRNAV capsids (28), mcp genes that are being expressed in host 328 

cells during the dinoRNAV replication cycle, free dinoRNAV genomes that may occur as 329 

extrachromosomal RNA in a latent (25) or carrier state similar to pseudolysogeny (70,71), and/or 330 
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expressed endogenized viral elements in host genomes (72,73). The amplicon sequencing 331 

approach employed here limits our ability to discern amongst these potential sources of viral mcp 332 

gene detections, as does the dearth of information available on dinoRNAV replication cycles. 333 

Approaches such as single cell RNA-seq (e.g. 74) of Symbiodiniaceae cells, as well as 334 

sequencing methods designed to identify and characterize infective viruses (similar to viral 335 

tagging, 75,adsorption sequencing, 76) represent critical next steps in assessing the prevalence of 336 

dinoRNAV infections within individual Symbiodiniaceae cells, and the provenance of 337 

dinoRNAV mcp gene detections (e.g RNA genomes from intact viruses vs mcp genes expressed 338 

during the replication cycle), respectively.  339 

Switching from persistent to more productive infection under stress 340 

Marine viruses have diverse infection strategies; many viruses switch between strategies upon 341 

environmental changes (58,77–81). Some marine viruses, for example, may switch between 342 

latent and productive cycles upon a variety of host-related or environmental triggers (8,82,83). 343 

RNA virus infections can range from exclusively lytic (29,84,85), to infections that are 344 

‘persistent’ or ‘chronic’ and do not immediately kill the host (86,87). Persistent RNA viruses of 345 

plants, for example, may show altered activity based on seasonality (88), temperature (89,90), or 346 

other environmental factors (90). For persistent viruses of Symbiodiniaceae, a variety of 347 

mechanisms may modulate viral infection strategies; the role of temperature in triggering 348 

persistent infections to become more productive has received particular attention due to the link 349 

between high temperature and coral bleaching (8,24,26,83,91). 350 

We identified 22 aminotypes that were present at higher relative abundances in heat-351 

treated coral fragments (Figure 5), and 17 aminotypes were unique to these fragments (Figure 4a, 352 

c). We hypothesize that these findings indicate a switch from persistent to more productive 353 
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infections by some dinoRNAV strains (or quasispecies). In this study, aminotypes 29, 38, 93 and 354 

98 are particular candidates for this hypothesis, given their sustained relative increase in 355 

abundance in heat-treated corals starting at 12-24 hours (Figure 5). We encourage future studies 356 

to screen corals and Symbiodiniaceae communities (and existing sequencing libraries) for these 357 

aminotypes. 358 

The observation of a rapid increase in dinoRNAV aminotypes diversity during the onset 359 

of thermal stress is consistent with a previous report of increased (but overall low) abundance of 360 

dinoRNAV transcripts in the Caribbean coral Montastrea cavernosa following exposure to 361 

elevated temperatures for 12 hours (24). Further, a thermosensitive culture of Symbiodiniaceae 362 

C1 had high expression of dinoRNAVs under ambient temperatures, suggesting that dinoRNAV 363 

may modulate resistance to bleaching in some species or populations of Symbiodiniaceae (26). 364 

Similarly, viral metagenomes from bleached pocilloporid colonies in situ contained significantly 365 

more eukaryotic virus sequences than unbleached, apparently healthy colonies (12). Experiments 366 

with the cricket paralysis virus—a +ssRNAV with similar genome architecture to dinoRNAVs in 367 

Symbiodiniaceae cultures—also showed increased viral replication after two hours when 368 

temperatures were raised by 5 ºC (92). Taken together, our findings and those from other studies 369 

indicate that dinoRNAVs may play key roles in altering the thermal sensitivity of 370 

Symbiodiniaceae, and perhaps, coral colonies. 371 

Virus-like particles associated with heat-stressed Symbiodiniaceae cells 372 

After 24 hours of heat treatment, virus-like particles (VLPs) 110-170 nm in diameter were 373 

observed in vacuoles within Symbiodiniaceae cells (Figure 1). These VLPs were similar in size 374 

members of the Phycodnaviridae, such as Chloroviruses, Coccolithoviruses, and Prasinoviruses, 375 

within the nucleocytoplasmic large DNA viruses (NCLDVs). These viral groups have been 376 
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previously reported from cultured Symbiodiniaceae cells via metagenomic approaches (26) and 377 

from Symbiodiniaceae in hospite through a combination of metagenomic analysis and TEM 378 

imaging (12,13). We observed VLPs that may have been entering or exiting Symbiodiniaceae 379 

cells (Figure 1), suggesting active infections were occurring. Such observations—concurrent 380 

with genetic shifts in dinoRNAVs—corroborate that diverse viral groups likely respond to 381 

increased temperatures (8,10,91,93,94).  382 

RNA viruses known to infect free-living dinoflagellates, such as HcRNAV, have 383 

icosahedral capsids ~30 nm in diameter (29). Similarly sized VLPs were not observed in this 384 

study, but the capsid morphology of Symbiodiniaceae-infecting dinoRNAVs remains 385 

unconfirmed. Isolation of Symbiodiniaceae-infecting dinoRNAVs and characterization of their 386 

replication cycle will further clarify which VLPs in Symbiodiniaceae TEM images are potential 387 

dinoRNAVs.   388 

Colony-specific dinoRNAV responses to elevated temperatures  389 

Since higher temperatures increase host cell enzymatic activity, increased viral production and 390 

accumulation of mutations within quasispecies exposed to heat stress might be expected based 391 

on thermodynamics alone (95). However, dinoRNAV responses to elevated water temperatures 392 

differed among individual coral colonies (Figures 3b, 6a), even in two colonies (3 and 4) that 393 

were both dominated by aminotype 1 in control aquaria. While dinoRNAVs in heat-treated 394 

fragments from colonies 1 and 3 exhibited strong shifts in putative quasispecies compositions, 395 

such changes were less pronounced in the other colonies. These findings suggest colonies 1 and 396 

3 and/or their dinoRNAV quasispecies were more sensitive to heat stress. Coral colonies 397 

generally exhibit heterogeneous resistance to coral bleaching (e.g. 96,97), and bleaching 398 

susceptibility in Pocillopora species complex has been correlated to differential communities of 399 
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eukaryotic viruses (12). Taken together, we hypothesize that colonies 1 and 3 in our study were 400 

more sensitive to temperature stress and likely would have shown signs of bleaching had the 401 

experiment run longer. Subsequent experiments that extend multiple weeks to sample both the 402 

onset of thermal stress and the onset of bleaching signs are a critical next step in understanding 403 

how dinoRNAV dynamics relate to colony health trajectories and relative bleaching resistance. 404 

Conclusions  405 

This is the first study to characterize the dynamics of Symbiodiniaceae-infecting dinoRNAVs in 406 

coral colonies exposed to ecologically relevant bleaching temperatures. We identified 407 

dinoRNAVs in each sampled coral; temperature stress elicited rapid changes to potential 408 

dinoRNAV quasispecies in terms of diversity and composition, and a subset of viral aminotypes 409 

were significantly associated with heat-treated corals. Together, these multiple lines of evidence 410 

suggest that dinoRNAVs are common as persistent infections of Symbiodiniaceae. 411 

Environmental stress may increase the productivity of these viruses, contributing to bleaching 412 

signs or other impacts on coral-Symbiodiniaceae partnerships (if stress is prolonged). Overall, 413 

these findings add to the growing body of literature demonstrating that viruses of 414 

microorganisms affect emergent phenotypes of animal and plant holobionts, and may modulate 415 

holobiont responses to changing environmental conditions. 416 
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Figure legends  683 

Figure 1 Representative examples of Symbiodiniaceae cells in Pocillopora species 684 

complex coral fragments in control (a-b) and heat (c-f) treatments after 24 hours, as well as 685 

examples of virus-like particles (VLPs) associated with these Symbiodiniaceae cells. Some 686 

Symbiodiniaceae cells in heat-treated coral fragments exhibited vacuolization, unlike cells in 687 

control fragments (a-b). Many vacuoles contained VLPs (c-f). Most observed VLPs had 688 

icosahedral, electron-dense capsids that ranged from 110-170 nm in diameter and lacked an 689 

envelope. Many VLPs appeared to be endocytosed by—or exiting—Symbiodiniaceae cells (d-f), 690 

and some VLPs were visible outside Symbiodiniaceae cells (c). (d) is an enlargement of (c). 691 

Arrows indicate VLPs. C: Symbiodiniaceae cell chloroplast; N: Symbiodiniaceae cell nucleus; P: 692 

Pocillopora species complex coral tissue; S: Symbiodiniaceae cell starch grain; V: Vacuole.  693 
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Figure 2 Maximum likelihood tree of major capsid protein (mcp) aminotypes (unique 695 

amino acid sequences) from Symbiodiniaceae-infecting dinoRNA viruses (‘dinoRNAVs’) 696 

isolated from five coral colonies of Pocillopora species complex. Aminotypes recovered in this 697 

study were similar to those reported in a previous work that isolated dinoRNAV sequences from 698 

6 coral species via similar methods (28). Black dots at nodes represent bootstrap support >75%. 699 

Colors adjacent to the tree indicate the study (orange, purple) or NCBI reference (blue) for each 700 

mcp aminotype. Reference NCBI accession numbers are: Beihai Sobemo-like Virus 4 701 

(YP_009336877), Sponge Weivirus-like Virus 6 (ASM94037), Cladocopium Virus i2 702 

(AOS87317), Cladocopium Virus i1 (AOG17586), HcRNAV-CY (BAE47072), HcRNAV-UA 703 

(BAE47070) and HcRNAV-659 (BAU51723). Rings with black or red squares indicate the 704 

relative, log(10)-transformed abundances of dinoRNAV aminotype in fragments from individual 705 

coral colonies in the control or heat treatment, respectively. Aminotypes labeled with PVID and a 706 

numeral comprise >1% abundance of the total dataset and are included in Figure 3. Black and 707 

red asterisks indicate aminotypes that were significantly associated with control or heat 708 

treatments, respectively (see Figure 5 for details). 709 
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Figure 3 Overview of Symbiodiniaceae-infecting dinoRNAV major capsid protein (mcp) 711 

gene aminotypes (unique amino acid sequences) associated with five colonies of the stony coral 712 

Pocillopora species complex. (a) Venn diagram indicating that ~82% (102) of 124 unique 713 

aminotypes were shared between coral colonies. Non-rarified data for each colony ranges from 714 

8-11 fragments sampled from control and heated aquaria. The total number of aminotypes 715 

detected per colony is given in parentheses. (b) The relative abundances of mcp aminotypes 716 

differed in fragments exposed to a ~2 ˚C temperature increase (‘Heat’ treatment), compared to 717 

fragments from the same colonies exposed to ambient reef conditions (‘Control’). Empty bars 718 

correspond to samples that had <10 000 reads and were excluded from the analysis.  719 

PERMANOVA results: Coral colony R2 = 0.762, p<0.001; Treatment R2= 0.024, p<0.001; 720 

Treatment*Coral colony R2=0.068, p<0.001; Time R2= 0.014, p>0.05. 721 
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Figure 4 Diversity of Symbiodiniaceae-infecting dinoRNAV major capsid protein (mcp) 723 

gene aminotypes (unique amino acid sequences) in heat (‘Heat’, ‘H’) versus control (‘Control’, 724 

‘C’) conditions. (a) Venn diagram of non-rarified aminotypes in heat and control treatments. 725 

Seventeen unique aminotypes were detected in coral fragments exposed to heat, compared to 1 726 

unique aminotype in control fragments. (b, h) Diversity (Shannon’s diversity index, H) of 727 

aminotypes increased in fragments exposed to heat compared to control fragments, and over time 728 

(d, h); variation also appeared to occurr among colonies (f). (c, i) Estimated aminotype richness 729 

increased in fragments exposed to heat, but not over time (e, i). (g) Mean aminotype richness 730 

also appeared to vary among colonies. Linear mixed effects model (LMM) results for Shannon’s 731 

diversity index (h) and estimated richness (i). Shannon’s diversity index values were based on 732 

sequencing data rarefied to 59 837 amino acid sequences per sample; richness was estimated by 733 

repeated random subsampling of unrarified data. 734 
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Figure 5 Differentially abundant Symbiodiniaceae-infecting dinoRNAV major capsid 736 

protein (mcp) aminotypes (unique amino acid sequences) across the experiment. Twenty-eight 737 

viral aminotypes (each represented as a point with a unique shape and color) were differentially 738 

abundant across control and heated Pocillopora species complex coral fragments. Of these, 22 739 

aminotypes occurred at higher relative abundances in heat-treated fragments (right of the 0 lines) 740 

and 6 had higher relative abundances in control fragments (left of the 0 lines). Ten aminotypes 741 

were differentially abundant at multiple (2-4) timepoints throughout the experiment. This 742 

analysis was conducted using DeSeq2 on a non-rarefied dataset. DESeq2 analyses were run 743 

separately for each time point (t(h)= 4, 12, 24, 72, 108, see Methods for more details).  744 
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Figure 6 Dispersion of Symbiodiniaceae-infecting dinoRNAV major capsid protein (mcp) 746 

gene aminotypes (unique amino acid sequences) associated with Pocillopora species complex 747 

coral fragments in heat-treated (H) versus control (C) conditions. (a) A non-metric 748 

Multidimensional Scaling (nMDS) plot depicts that dinoRNAVs differ by coral colony ID, and 749 

to a lesser extent, treatment. (b) Dispersion of dinoRNAV aminotypes was higher in heat-treated 750 

fragments. (c) Mean (±SE) aminotype dispersion was consistently higher over time in heat-751 

treated fragments and (d) varied among coral colonies. (e) Results of a linear mixed effects 752 

model testing the effect of treatment and time on dispersion. Centroids were calculated 753 

separately for each colony in control and heat-treated conditions based on Bray-Curtis distances 754 

from square-root-transformed rarefied data. Dispersion was quantified by measuring the distance 755 

of each sample to its centroid. 756 
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Table 1 Summary of studies in which Symbiodiniaceae-infecting dinoflagellate RNA 
virus (dinoRNAV) genes have been recovered from coral colonies or Symbiodiniaceae cultures. 
Samples sizes are n=1 unless otherwise indicated in parentheses. Bolded Symbiodiniaceae types 
were directly identified in a given study. All other Symbiodiniaceae listed represent the genera 
typically reported from each coral species based on published literature. 

Sample type Symbiodiniaceae 
genus or species 
(detected or 
reported in 
literature) 

Collection 
location 

DinoRNAV 
detection 
method 

Notes Reference 

Coral holobiont      

 

Montastrea 
cavernosa (4) 

Cladocopiuma Key West, 
FL 

Viral particle 
isolation, 454 
pyrosequencing 

DinoRNAVs detected in 
heat-treated corals. 

Correa et 
al. 2013 

       

 

Acropora tenuis Cladocopiumb Orpheus 
Island, 
Central 
GBR 

Viral particle 
isolation, RP-
SISPA, MiSeq 
sequencing. 

DinoRNAVs >99% of 
ssRNA viruses detected 
from pooled tissue of 3 
colonies. No dinoRNAVs 
detected in Pocillopora 
damicornis. 

Weynberg 
et al. 2014 

       

 

Acropora tenuis Cladocopiumb Davies 
Reef and 
Orpheus 
Island, 
Central 
GBR 

Viral particle 
isolation, 
targeted PCR 
assay, MiSeq 
sequencing. 

DinoRNAVs not detected 
in Acropora hyacinthus, 
Acropora millepora or 
Goniastrea aspera. 

Montalvo-
Proaño et 
al. 2017 

 Fungia fungites Cladocopiumb 

 Galaxea 
fascicularis 

Cladocopium or 
Durusdiniumb 

 Pocillopora 
damicornis 

Cladocopiumb 

 Porites 
cylindrica 

Cladocopiumb 

 Porites lutea (6)  Cladocopium 
C15 

       

 

Acropora tenuis Cladocopiumb Orpheus 
Island, 
Central 
GBR 

Viral particle 
isolation, RP-
SISPA, MiSeq 
sequencing. 

Corals collected in 
triplicate and pooled prior 
to sequencing. 
DinoRNAVs not detected 
in Goniastrea aspera, 
Pocillopora acuta, 
Pocillopora damicornis, 
or Pocillopora verrucosa. 

Weynberg 
et al. 2017  Fungia fungites Cladocopiumb 

 Galaxea 
fascicularis 

Cladocopium or 
Durusdiniumb 

       

Symbiodiniaceae culture     

  Cladocopium C1 
(2) 

Cladocopium C1 Magnetic 
Island and 
South 
Molle 
Island, 

HiSeq 
sequencing of 
poly(A)-
purified RNA. 

Culture originally isolated 
from Acropora tenuis. 
Higher expression of 
dinoRNAV major capsid 
protein genes in a thermo-

Levin et al. 
2017 
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Central 
GBR 

sensitive Cladocopium 
strain under ambient 
temperatures. 

a Serrano et al. 2014  
    

b Tonk et al. 2013  
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Table 2 Summary of observations, relative abundance and identity of Symbiodiniaceae-

infecting dinoRNAV aminotypes (unique amino acid sequences) specific to heat or control 

fragments in this study. ‘Colony’ indicates the coral colony IDs in which a given aminotype was 

detected. ‘N_Observations’ lists the total number of fragments in which a given aminotype was 

observed. ‘Time observed (h)’ lists the sampling timepoints at which an aminotype was detected. 

‘Mean relative abundance (%)’ indicates the mean relative abundance of an aminotype across the 

fragments from which it was detected. ‘Closest match’ lists the strongest similarity of an 

aminotype in this study to known or putative viruses based on BLASTx against a reference 

database containing all sequences from the reference viral database (Goodacre et al., 2018) and 

the aminotypes generated from reprocessed Montalvo-Proaño et al. (2017) data. 

Aminotype ID Colony N_Observations Time observed (h) Mean 
relative 

abundance 
(%) 

Closest match 

Heat treatment 

22 4 3 12,24,72 0.048 Plutea_AminoType17 

25 3 2 24,72 1.766 Plutea_AminoType21 

37 2 1 4 0.098 Plutea_AminoType21 

44 1 2 4,12 0.013 Plutea_AminoType13 

68 2,3 4 4,24,72 0.016 Plutea_AminoType21 

72 3 1 4 0.021 Pdamicornis_AminoType1 

76 1,2,5 5 4,12,24,72 0.026 Plutea_AminoType13 

80 2 1 108 0.033 Plutea_AminoType21 

81 4 1 108 0.027 Plutea_AminoType5 

87 4 1 24 0.019 Plutea_AminoType10 

104 3 2 24,72 0.162 Plutea_AminoType21 

107 4 3 24,72,108 0.035 Gfascicularis_AminoType1 

112 4 4 12,24,72,108 0.217 Plutea_AminoType17 

114 3 1 72 1.380 Plutea_AminoType4 

115 2,3 2 4,72 0.684 Plutea_AminoType21 

117 2 1 108 0.375 Plutea_AminoType21 

118 4 1 4 0.376 Plutea_AminoType10 

 
Control treatment 

91 2 1 72 0.019 Plutea_AminoType4 
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