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Abstract 17 

Small increases in ocean temperature can disrupt the obligate symbiosis between corals and 18 

dinoflagellate microalgae, resulting in coral bleaching. Little is known about the genes that drive the 19 

physiological and bleaching response of algal symbionts to elevated temperature. Moreover, many 20 

studies to-date have compared highly divergent strains, making it challenging to accredit specific 21 

genes to contrasting traits. Here we compare transcriptional responses at ambient (27°C) and 22 

bleaching-relevant (31°C) temperatures in a monoclonal, wild-type (WT) strain of Symbiodiniaceae 23 
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to those of a selected-strain (SS), derived from the same monoclonal culture and experimentally 24 

evolved to elevated temperature over 80 generations (2.5 years). Thousands of genes were 25 

differentially expressed at a log fold-change of >8 between the WT and SS over a 35-day 26 

temperature treatment period. At 31 °C, WT cells exhibited a temporally unstable transcriptomic 27 

response upregulating genes involved in the universal stress response such as molecular 28 

chaperoning, protein repair, protein degradation and DNA repair. Comparatively, SS cells exhibited a 29 

temporally stable transcriptomic response and downregulated many stress response genes that 30 

were upregulated by the WT. Among the most highly upregulated genes in the SS at 31°C were algal 31 

transcription factors and a gene likely of bacterial origin that encodes a type II secretion system 32 

protein, suggesting interactions with bacteria may contribute to the  increased thermal tolerance of 33 

the SS. Genes and functional pathways conferring thermal tolerance in the SS could be targeted in 34 

future genetic engineering experiments designed to develop thermally resilient algal symbionts for 35 

use in coral restoration and conservation. 36 

 37 

Introduction 38 

Tropical coral reefs are increasingly under threat from rapid global warming caused by the 39 

anthropogenic release of CO2 into the atmosphere. Sea surface temperatures have already increased 40 

by 1 °C since pre-industrial times (Hartmann et al. 2013) and rapid ocean warming poses a major 41 

threat to marine organisms (Dawson, Jackson, Joanna, Prentice Iain C, & Mace, 2011; Hoegh-42 

Guldberg & Bruno, 2010; Pacifici et al., 2015; Pereira et al., 2010; Urban, 2015). In addition to mean 43 

global temperature increases, warming is resulting in more frequent and extreme summer heatwave 44 

events (Hughes et al. 2017). Tropical reef-building corals form an obligate endosymbiosis with 45 

dinoflagellate microalgae in the family Symbiodiniaceae (LaJeunesse et al., 2018). This symbiosis is 46 

sensitive to changes in temperature, where only small increases can trigger coral bleaching; the 47 

breakdown of the symbiosis between the coral host and its symbionts. The algal symbionts provide 48 

the coral host with the majority of its energy through the translocation of photosynthetically-derived 49 
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carbon (Falkowski, Dubinsky, Muscatine, & Porter, 1984; Muscatine, 1990; Muscatine & Porter, 50 

1977), thus a prolonged disruption in the symbiosis can ultimately result in coral starvation and 51 

mortality.  Since climate-related temperature records began in 1980, three global coral bleaching 52 

events have occurred as a result of increasing sea surface temperatures, resulting in mass mortality 53 

and loss of coral cover (Hughes et al. 2017). The time between bleaching events has decreased since 54 

1980, thus corals have a shorter recovery window before the next bleaching event (Hughes et al. 55 

2018). Furthermore, La Niña events that are associated with cooler periods, are now warmer than El 56 

Niño events of the past (Hughes et al. 2018). Thus, the intensity and frequency of extreme heating 57 

events are increasing. 58 

 59 

Coral thermal tolerance limits depend not only on the thermal tolerances of the host animal, but 60 

also on that of their symbiotic algae. Some coral species exhibit a high level of specificity to the 61 

species of Symbiodiniaceae that they can host, while others are considered to be generalists that can 62 

associated with multiple algal symbiont species (Baker, 2003; LaJeunesse et al., 2004; Silverstein, 63 

Correa, & Baker, 2012). In addition, the dominating algal symbiont strain in symbiosis with the coral 64 

can vary with environmental conditions. For example, shuffling the algal symbiont community to 65 

favour a member in the genus Durusdinium gained coral up to a 1.5 °C increase in upper thermal 66 

tolerance (Berkelmans & van Oppen, 2006). Algal symbionts are believed to predominantly 67 

reproduce asexually, and they have asexual generation times of up to 100 days in hospite, while 68 

corals can take between 2 and 20 years to become sexually mature (Falkowski, Dubinsky, Muscatine, 69 

& McCloskey, 1993; Hughes et al., 2003). Each algal cell division provides an opportunity for random 70 

mutations to occur; if beneficial, mutation(s) may be selected for and become the dominant 71 

genotype and phenotype within a population. While these disparate generation times suggest the 72 

rate of evolutionary adaptation to a changed environment is faster for the algal symbiont than its 73 

coral host Symbiodiniaceae generation times are slow, compared to other microalgae. Furthermore, 74 

asexual cell division is known to be hindered by the coral host through host-controlled nutrient 75 
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provision (Falkowski et al., 1993; Stat, Morris, & Gates, 2008), which can slow evolutionary 76 

processes. There are many examples where various species of the Symbiodiniaceae have been 77 

cultured as free-living populations outside of the coral host. In such circumstances, without the 78 

hindrance of the coral host and in nutrient replete media, algal symbionts have exhibited population 79 

growth as short as  0.76 divisions per day (Hennige, Suggett, Warner, McDougall, & Smith, 2009), 80 

compared to up 0.01 per day in symbiosis (Falkowski et al., 1993). Evolutionary experiments that 81 

involve a directed selection pressure such as elevated temperature can take advantage of these 82 

comparatively shorter generation times and maximise the potential rate of genetic adaptation 83 

(Chakravarti, Beltran, & van Oppen, 2017). Specifically, experimental evolution is the study of 84 

evolutionary processes occurring in experimental populations in response to the conditions imposed 85 

upon them (Kawecki et al., 2012). A small number of temperature selection experiments have been 86 

carried out in various species of microalgae (Baker et al., 2018; Flores-Moya, Costas, & López-Rodas, 87 

2008; Flores-Moya et al., 2012; Hinners, Kremp, & Hense, 2017; Jin, Gao, & Beardall, 2013; Listmann, 88 

LeRoch, Schlüter, Thomas, & Reusch, 2016; O’Donnell, Hamman, Johnson, Klausmeier, & Litchman, 89 

2017; Padfield, Yvon-Durocher, Buckling, Jennings, & Yvon-Durocher, 2016; C.-E. Schaum, Buckling, 90 

Smirnoff, Studholme, & Yvon-Durocher, 2018; C. E. Schaum & Collins, 2014; Schlüter et al., 2014), 91 

and three studies to date have shown rapid adaptation in Symbiodiniaceae to elevated 92 

temperatures using experimental evolution (Chakravarti et al., 2017; Chakravarti & van Oppen, 93 

2018; Huertas, Rouco, Lopez-Rodas, & Costas, 2011). First, two unknown species of the 94 

Symbiodiniaceae were able to grow at 30 °C with similar rates to the wild-type populations at 95 

ambient temperature after only ~70 generations of laboratory selection (Huertas et al., 2011). 96 

Second, Cladocopium goreaui, a Symbiodiniaceae species that associates with many different coral 97 

species, was able to grow at 31 °C and exhibited a photochemistry similar to the wild-type at 27 °C 98 

after 80 generations of laboratory selection, while the wild-type was unable to grow and displayed 99 

drastic drops in photosynthetic efficiencies at this elevated temperature (Chakravarti et al., 2017). 100 

Lastly, lab-evolved populations (41-69 generations) from three of four species across different 101 
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genera in the Symbiodiniaceae had growth rates that exceeded the wild-type populations under 102 

elevated temperature (Chakravarti & van Oppen, 2018).  103 

 104 

Physiological differences between algal symbiont populations differing in their thermal tolerances 105 

have been attributed to variations in the stability of photosynthetic membranes and their fatty acid 106 

composition (Díaz-Almeyda, Thomé, Hafidi, & Iglesias-Prieto, 2011; Tchernov et al., 2004), variations 107 

in reactive oxygen species release and antioxidant capacity (McGinty, Pieczonka, & Mydlarz, 2012; 108 

Suggett et al., 2008) and repair rates to photodamaged photosynthetic machinery (Takahashi, 109 

Whitney, & Badger, 2009). However, very little is known about the transcriptomic response that 110 

underlies thermal tolerance in Symbiodiniaceae.   111 

 112 

Here, we had a unique opportunity to investigate the underlying genes and pathways that are 113 

differentially expressed between a thermo-tolerant and thermo-sensitive strain of C. goreaui that 114 

were derived from the same monoclonal population. Specifically, in a previous study Chakravarti et 115 

al. (2017) carried out a laboratory selection experiment exposing C. goreaui to ~80 generations (~2.5 116 

yr) of elevated temperature (31 °C), while the counterpart wild-type population was maintained at 117 

ambient temperature. At the end of the experiment, the wild-type cells transplanted into elevated 118 

temperature were unable to grow and photosynthesise, while thermally selected cells showed 119 

significant positive growth and photochemical traits were unaffected by elevated temperature. 120 

Using a comparative transcriptomic approach, we characterise the differences in gene expression 121 

that distinguish the responses of the selected and wild-type strains to elevated temperature after 122 

21, 28 and 35 days. Thus we are able to directly compare the transcriptomic and physiological 123 

responses of closely related wild-type and lab-evolved algal strains to changes in temperature.  124 

 125 
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Materials and methods 126 

Experimental design 127 

Cladocopium goreaui (strain identification SCF055-01.10) was isolated from the coral species 128 

Acropora tenuis, Nelly Bay, Magnetic Island, Australia (19°1006″S, 146°50060″E). A heterogeneous 129 

culture was initially established, from which a monoclonal culture was grown by starting from a 130 

single cell. Note that SCF055-01.10 is the strain used in (Chakravarti et al., 2017) and originated from 131 

the heterogeneous culture (before single-cell isolation) investigated in two other previous studies 132 

(Howells et al., 2012; Levin et al., 2016). Cells were cultured in temperature-controlled 133 

environmental chambers (Steridium, er-rh-500, Australia) at 27 °C and 65 ± 10 µmol photons.m-2.s-1
 134 

(Sylvania FHO24W/T5/865 fluorescent tubes) under a 14:10 light:dark cycle in for ~6 months in 0.2 135 

µm filtered sterile culture media, Daigo’s IMK for Marine Microalgae (Nihon Pharmaceutical Co., Ltd) 136 

before undergoing a thermal selection experiment as detailed in (Chakravarti et al., 2017) (Figure 137 

1a). Specifically, after increasing temperature in a stepwise fashion from 26 °C to 30 °C that lasted 138 

approximately two months (~ five generations), populations of selected cells were cultured at 31 °C 139 

for a further 80 generations (2.5 years). One of the ten derived populations (selected 140 

Symbiodiniaceae, SS) and a parent population (wild-type Symbiodiniaceae, WT) were then subjected 141 

to a reciprocal transplant experiment (Figure 1b). The reciprocal transplant experiment involved SS 142 

and WT cells being pre-acclimated, in 12 replicates for two weeks (up to 6 generations) under their 143 

own (27 °C for the WT and 31 °C for the SS populations, becoming the WT@27 and SS@31) and 144 

reciprocal temperature conditions (31 °C for the WT and 27 °C for the SS populations, becoming the 145 

WT@31 and  SS@27 ) before being transferred into new culture vessels (25 cm3, Corning, Sigma-146 

Aldrich) containing 10 mL of fresh culture media at a starting cell density of 200,000 cells mL-1. Cells 147 

were pre-acclimated to allow assessment of any sustained changes in gene expression, rather than a 148 

short-term plastic response, for detailed temperature data see (Chakravarti et al., 2017). 149 

 150 
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Seven, 14 and 21 days after transferring to fresh media (representing 21, 28 and 35 days in each 151 

temperature treatment, including the 2 weeks pre-acclimation), physiological measurements of 152 

photosynthetic traits (n=6) and extracellular ROS production (n=3) were taken. The latter was an 153 

arbitrary measurement of the leakage of reactive oxygen species per cell that was measured with 154 

the use of a fluorogenic probe added to the culture media only, that fluoresced upon oxidation by 155 

ROS; fluorescence measurements were then standardised to cell density (Chakravarti et al., 2017). 156 

Growth rate was calculated as the number of cell divisions per day based on cell density changes 157 

between days 17 and 31 (3 and 17 days after inoculation into fresh media) as further detailed in 158 

(Chakravarti et al., 2017). Three replicate cultures of WT@27, WT@31, SS@27 and SS@31 were 159 

subsampled on days 21, 28 and 35 to correspond with physiological measurements, by gently 160 

agitating each culture flask to re-suspend and homogenise the cells and 3 mL of culture from each 161 

replicate were taken (corresponding to up to one million cells), immediately snap frozen in liquid 162 

nitrogen and stored at -80 °C for downstream RNA extraction. These sub-samples were taken at the 163 

same time of day across each of the time points. 164 

 165 

Upon thawing, cells were pelleted (3000 g x 5 min), supernatant removed and pellets lysed in buffer 166 

containing β-mercaptoethanol by bead beating with approximately 0.3 g of 710–1,180 µm acid-167 

washed glass beads (Sigma) for 90 s. RNA extraction was carried out using a GenElute Single Cell RNA 168 

Purification Kit (Sigma) following the manufacturer’s protocol. Total RNA was sent to the Australian 169 

Genome Research Facility for library preparation and sequencing with an Illumina Hiseq2500 (100 bp 170 

paired-end).  171 
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 172 

Figure 1. Experimental design detailing the long-term thermal selection experiment where the selected 173 
Cladocopium goreaui (SS) and wild-type (WT) populations were cultured for 2.5 years at 31 °C and 27 °C, 174 
respectively that corresponded to approximately 80 generations for the SS and 150 for the WT (A). A reciprocal 175 
transplant experiment was carried out where WT@27 represents the wild-type C. goreaui population that did 176 
not undergo any thermal selection, WT@31 represents the wild-type population transplanted to 31 °C for up 177 
to 35 days, SS@31 represents the long-term thermally selected population at elevated temperature and 178 
SS@27 represents the thermally selected population transplanted in the control temperature of 27 °C for up to 179 
35 days (B). Physiological responses to these conditions were measured for up to 35 days (C) and are detailed 180 
in (Chakravarti et al., 2017). Specific growth and Fv/Fm  values represent mean (±SE, n=6), extracellular ROS cell-181 
1  values represent mean (±SE, n=3). Some error bars are very small and may not be visible. Panel C has been 182 
modified from (Chakravarti et al., 2017). 183 
 184 

Transcriptome assembly  185 

Raw, paired-end reads were trimmed with Illuminaclip (adapters Truseq3-PE.fa:2:30:10) using 186 

Trimmomatic (v. 0.36, Bolger, Lohse, & Usadel, 2014). Poly A/T tails were removed (min tail:6-A) and 187 

short (min length: 60 bp), low quality (min mean quality score: 20, base window: 1, base step: 1) and 188 

low complexity (dust method threshold: 7) sequences were removed using Prinseq-lite (v. 0.20.4, 189 

Schmieder & Edwards, 2011). Transcripts were assembled (minimum contig length 300 bp), using 190 

the standard Trinity (v.2.4.0) pipeline (Haas et al., 2013), into three transcriptomes; WT, SS and 191 

combined WT+SS. Redundant transcripts were collapsed into the longest representative transcript 192 
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(99% sequence similarity over 99% of the shorter transcript) using cd-hit-est (v. 4.6.8, Y. Huang, Niu, 193 

Gao, Fu, & Li, 2010) for each assembly. The WT and SS transcriptomes were less than 1 % different in 194 

the number of total Trinity “genes” (Table S1) supporting the use of the one assembly transcriptome 195 

in further analyses. Furthermore, transcriptome completeness was assessed using BUSCO (v.3.0.2, 196 

Simão et al. 2015) with Benchmarking universal single-copy orthologs from the Eukaryota dataset 197 

(odb9) with a default e-value cutoff for BLAST searches of 0.01 and candidate regions to consider of 198 

3. The combined transcriptome completeness was comparable to the individually assembled SS and 199 

WT transcriptomes (Table S1). To allow for direct comparisons between SS and WT gene expression, 200 

subsequent analyses utilised the combined transcriptome. 201 

 202 

Differential gene expression, annotation and gene ontology analysis 203 

In order to understand the cellular pathways that underlie physiological differences (Figure 1), we 204 

investigated the comparative transcriptomic response of wild-type (WT)  C. goreaui under short-205 

term elevated temperature (WT@31), thermally selected C. goreaui at elevated temperature 206 

(SS@31) and thermally selected C. goreaui transplanted back into the control temperature (SS@27) 207 

(as shown in Chakravarti et al. (2017), Figure 1c). 208 

 209 

First, transcript abundance was estimated through the alignment-based method RSEM (v. 1.3.0, Li & 210 

Dewey, 2011). Using the gene-level abundance estimates for each replicate, a matrix of counts and 211 

normalised expression values was created. Normalisation takes into account transcript expression, 212 

transcript length and number of reads mapped to the transcript. Differentially expressed genes were 213 

identified between planned, pairwise comparisons, using edgeR, with a dispersion of 0.1. For some 214 

cases the number of replicates for the SS@31 and WT@31 were less than three, thus a dispersion of 215 

0.1 is recommended for analyses if there are less than three replicates for a treatment (Robinson, 216 

McCarthy, & Smyth, 2010). Planned comparisons involved those genes differentially expressed 217 

between the WT@27 (control) with WT@31, SS@31 and SS@27 at each of the three time points. 218 
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Differentially expressed genes (DEGs) were extracted that were at ≥ 8-fold differentially expressed 219 

with a false discovery rate (FDR) of ≤ 0.001 in any of the pairwise comparisons. A high fold minimum 220 

expression cut-off, based on log-ratio - mean-average (MA) and volcano plots (Figures S1-S3), 221 

combined with a conservative FDR reduced the number of marginally expressed transcripts.  222 

 223 

Long open reading frames (ORFs) were identified that were at least 100 amino acids long and likely 224 

coding sequences were identified using TransDecoder (v.2.0.1). All ORFs were scanned for homology 225 

to known proteins using BlastP and BlastX searches (NCBI BLAST+, v. 2.7.1) and Pfam (v. 31.0) to 226 

search the peptides for protein domains. Search results were integrated to a SQLite (v. 3.23.1) 227 

database and an annotation report generated using Trinotate (v.3.1.1). Thirty-three percent of 228 

transcripts were annotated (Table 1), results that are in line with previous transcriptome 229 

annotations for C. goreaui (Levin et al., 2016, Table 1). Gene ontology enrichment was run on 230 

differentially expressed genes using GOseq (Young, Wakefield, Smyth, & Oshlack, 2010) with a fold 231 

change ≥ 8 between the pairwise comparisons. Only enriched GO categories that were supported by 232 

> 3 DEGs were retained.  233 

 234 

Results and Discussion 235 

The assembled transcriptome of C. goreaui (combined sequence reads of WT and SS) comprised 236 

124,187 genes, with average transcript length of 1093 bp (Table 1). These results are in line with 237 

previously published Symbiodiniaceae transcriptomes (Bayer, Aranda, Sunagawa, Yum, & Desalvo, 238 

2012; Levin et al., 2016; Parkinson et al., 2016). Furthermore, transcriptome completeness, assessed 239 

with benchmarking universal single-copy orthologs for eukaryotes (Simão et al. 2015), was high at 240 

95% (Table 1).  241 

 242 

Table 1. Sequencing, assembly and annotation statistics for Cladocopium goreaui de novo transcriptome. Raw 243 
assembly refers to unfiltered Trinity assembly. Representative sequences refer to the processed Trinity 244 
assembly where redundant transcripts were collapsed into the longest representative transcript (99% 245 
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sequence similarity over 99% of the shorter transcript) using cd-hit-est. BUSCO analysis refers to and 246 
assessment of annotation completeness using Benchmarking Universal Single-Copy Orthologs. 247 

  

Raw assembly 
Representative 

sequences  

Assembly Total trinity “genes” 124,243 124,187 

 
Total Trinity “transcripts” 287,352 266,077 

 
Percent GC 52.57 52.24 

All transcript contigs N50 1,738 1,563 

 
Mean length 1,216 1,093 

 
Median length 858 744 

 
Assembled bases 349,437,378 247,050,504 

Longest isoform per “gene” N50 1,508 1,508 

 
Mean length 1,002 1,002 

 
Median length 615 615 

 
Assembled bases 124,468,611 124,429,598 

BUSCO analysis Complete BUSCOs 238 (78.5%) 287 (94.7%) 

 
Complete and single-copy BUSCOs 94 (31.0%) 139 (45.9%) 

 
Complete and duplicated BUSCOs 144 (47.5%) 148 (48.8%) 

 
Fragmented BUSCOs 31 (10.2%) 13 (4.3%) 

 
Missing BUSCOs 34 (11.3%) 3 (1.0%) 

 
Total BUSCO groups searched 303 

Annotated transcripts SwissProt (Blastx) 2,880 (1.1 %) 

 
SwissProt (Blastp) 67,918 (26.2 %) 

 
Pfam 77,638 (30.0 %) 

 
Eggnog 52,229 (20.1 %) 

 
KEGG 59,782 (23 %) 

 
TOTAL 85,747 (33.1%) 

 
GO terms (blast) 65,580 (25.3 %) 

 
GO terms (pfam) 47,023 (18.1 %) 

 248 
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 249 

 250 

Significant transcriptome-wide changes in gene expression were observed between the WT@27 251 

(control) with the WT@31, SS@31 and SS@27 (Figure 2, supplementary figures 2-5) that included ≥ 252 

8-fold-changes in expression. Past studies have mostly observed small changes in gene expression 253 

for members of the Symbiodiniaceae under different environmental conditions, including a less than 254 

2-fold (Gierz, Forêt, & Leggat, 2017; Leggat, Seneca, Wasmund, Ukani, & Yellowlees, 2011) or no 255 

change in expression (Barshis, Ladner, Oliver, & Palumbi, 2014). Other dinoflagellates have shown 256 

similarly low differential gene expression levels (Okamoto & Hastings, 2003; Van Dolah et al., 2007). 257 

However, in line with our high levels of differential gene expression, Levin et al. (2016) identified 258 

genes that were ≥4-fold differentially expressed between two temperature treatments for two 259 

strains of C. goreaui, including the heterogeneous culture from which the C. goreaui monoclonal 260 

strain used in this study was isolated. It is important to note that for the WT@31 and SS@31, less 261 

than three replicates were obtained for some of the time points. This was due to low quality 262 

sequence reads that likely resulted from too few cell numbers that were able to be sampled at 263 

elevated temperature during the experiment. While our analyses took this into consideration, 264 

conclusions drawn from such sequences should be interpreted with caution.  265 
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 266 

Figure 2. Hierarchical clustering of transcriptome-wide differentially expressed genes between samples and 267 
replicates in this experiment. Replicate populations were inoculated into fresh culture media in the same 268 
(WT@27 and SS@31) or reciprocal (SS@27 and WT@31) temperature conditions and, pre-acclimated for 14 269 
days. Populations were then inoculated into fresh media and gene expression analysed 7, 14 and 21 days post 270 
acclimation, which represents days 21, 28 and 35 of the experiment. Scale ranges from purple representing -3 271 
log2 fold-change (-8 fold-change) expression of genes to yellow representing +3 log2 fold-change (+8 fold-272 
change) in gene expression. Black represents no significant change in gene expression. 273 
 274 

 275 

Response of wild-type C. goreaui to bleaching temperature 276 

Differential gene expression (WT@31 vs WT@27) 277 

Across the three sampling days, the WT@31 differentially expressed 631 (day 21), 2794 (day 28) and 278 

204 (day 35) genes (≥ 8-fold, FDR ≤ 0.001) compared to the control (WT@27). At each time point, 279 

the majority of WT@31 genes were upregulated rather than downregulated (Figure 3, Table S2), 280 

varying from 343 (54 % of DEGs at day 21) to 2689 (96 %) at day 28 and 192 genes (94 %) at day 35 281 

(Table S2). Similarly, the heterogeneous WT population of C. goreaui, from which the WT clonal 282 
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strain was originally isolated, upregulated the majority (63%) of DEGs after 13 days of heat stress 283 

(Levin et al., 2016) . After 21 days the WT@31  exhibited negative growth (cell death), less efficient 284 

photosystem II activities and showed relatively high levels of reactive oxygen species leakage (i.e., 285 

extracellular ROS) that were significantly greater than the WT@27 and SS@31 as shown in 286 

Chakravarti et al. (2017) (Figure 1c, p<0.05). These negative physiological responses to elevated 287 

temperature, along with an order of magnitude drop in DEGs from 2794 to 204 by the end of the 288 

experiment, suggest a failed acclimation response for this strain to more than 21 days of exposure to 289 

elevated temperature. A potential lack of genetic variation as a result of the monoclonal origin of the 290 

population (although de novo mutations have likely accumulated over of the 80 generations of 291 

independent evolution) may have contributed to the lack of short-term resilience to temperature 292 

stress. 293 

 294 
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Figure 3. Venn diagram showing number of shared and non-shared upregulated (A-C) and down-regulated (D-295 
E) genes (≥ 8-fold, FDR ≤ 0.001) between the short-term heat stressed C. goreaui, (WT@31), thermally-296 
selected C. goreaui (SS@31) and the SS transplanted into the control temperature (SS@27), across three time 297 
points. Plots are made with BioVenn (Hulsen, de Vlieg, & Alkema, 2008). 298 
 299 

Upregulated genes and functional pathways (WT@31 vs WT@27) 300 

Gene ontology enrichment (GO) analysis revealed functional sets of genes that were involved in the 301 

stress response of the WT exposed to 31 °C. After 21 days, 123 gene ontology (GO) categories were 302 

enriched (FDR cut-off 0.01) for upregulated genes that fell mostly into the broader biological process 303 

categories of translational elongation and actin filament organisation (Figure 4, Table S3). Actin 304 

(ACT1) and genes implicated in actin cytoskeleton organisation such as those encoding calmodulin 305 

(CALM1), and gelsolin-like proteins, were among the top five upregulated DEGs by the WT@31 306 

(Figure 7, Table S4). Actin is one of the main elements of the cytoskeleton and is redox-sensitive 307 

where reactive oxygen species (ROS) can cause actin cytoskeletal rearrangements, even playing a 308 

protective or regulatory role under high levels of oxidative stress (Farah, Sirotkin, Haarer, 309 

Kakhniashvili, & Amberg, 2011; Gourlay & Ayscough, 2005). The upregulation of actin and related 310 

genes under heat stress has been observed across taxa such as mussels (Lockwood, Sanders, & 311 

Somero, 2010), fish (Buckley, Gracey, & Somero, 2006; T. G. Evans & Somero, 2008), Arabidopsis 312 

(Fan, Wang, Xiang, An, & Cao, 2016) and coral (Desalvo et al., 2008). The WT produced significantly 313 

higher levels of extracellular ROS at compared to the thermally selected population  at elevated 314 

temperature (Chakravarti et al. (2017), Figure 1c) and the upregulation of actin and related genes 315 

could represent an attempt at a protective mechanism.  316 
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 317 

 318 

Figure 4. Treemap of summarised biological process Gene Ontology terms enriched for upregulated and 319 
downregulated biological processes for the WT@31 compared to the WT@27 control, across three time 320 
points. Each rectangle is a single cluster representative, joined into larger clusters of loosely related terms. Size 321 
of the rectangles reflect the p-value of the GO term in the GO analysis. Treemaps were created using REVIGO, 322 
based on a medium (0.7) allowed similarity with GO term sizes from the whole UniProt database and sematic 323 
similarity measure of SimRel.  324 
 325 

For the WT@31, 883 GO categories were enriched by day 28, with most falling into the broader 326 

biological process categories of the regulation of transcription, metabolism, macromolecular 327 

complex subunit organization, protein transport as well as a response to stress (Figure 4). Actin 328 

filament-based processes remained enriched on day 28 and were supported by the enriched 329 

molecular function of “actin binding” (GO:0003779, Figure S4). In addition to its potential protective 330 

role against excess ROS, increased actin turnover and stabilisation has also been linked to the onset 331 

of apoptosis or programmed cell death in eukaryotic cells spanning many taxa (Posey and Bierer; 332 
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Odaka et al. 2000; Gourlay and Ayscough 2005; Franklin-Tong and Gourlay 2008). Indeed, by day 28, 333 

three GO categories were enriched that contained 108 upregulated genes involved in programmed 334 

cell death/apoptosis. The programmed cell death pathway has been observed before in the 335 

Symbiodiniaceae and their hosts under heat stress (e.g. Desalvo et al., 2008; Mohamed et al., 2016; 336 

Zhou, Liu, Wang, Luo, & Li, 2019) and could protect host cells (in symbiosis) and the remaining algal 337 

population under stress (Arnoult et al., 2002; Dunn, Thomason, Le Tissier, & Bythell, 2004; 338 

Huettenbrenner et al., 2003). Cell death by the WT@31 was observed through negative growth 339 

(decreases in cell number over time) (Chakravarti et al., 2017), and from day 28, photosynthetic 340 

efficiencies also started to decline (Figure 1c), further linking the upregulation of the programmed 341 

cell death pathway by the WT@31 and the decline in overall health of the cells.  342 

 343 

Before initiating the programmed cell death pathway, a cellular response to stress is to recruit 344 

processes such as molecular chaperoning, protein repair, protein degradation and DNA repair (Kültz, 345 

2005; Martindale & Holbrook, 2002). The WT@31 upregulated all of these processes on day 28, but 346 

not days 21, or 35. Firstly, chaperonin activity acts to assist with protein folding and has been 347 

associated with thermal stress that can result in misfolded, slow rates of assembly or biosynthetic 348 

errors of proteins (Wang, Vinocur, Shoseyov, & Altman, 2004). Among the enriched GO categories, 349 

we observed 57 DEGS supporting protein folding on day 28 (GO:0006457, Table S3). Chaperone-like 350 

activity has been observed in algal symbionts under heat stress in some studies (Ladner, Barshis, & 351 

Palumbi, 2012; Levin et al., 2016; Rosic, Pernice, Dove, Dunn, & Hoegh-Guldberg, 2011; Rosic, 352 

Pernice, Rodriguez-Lanetty, & Hoegh-Guldberg, 2011) while others report no notable differences 353 

(Barshis et al., 2014; Krueger et al., 2015; Leggat et al., 2011; Putnam, Mayfield, Fan, Chen, & Gates, 354 

2013). Secondly, protein degradation may be necessary to prevent the toxic build-up of damaged 355 

proteins in a cell. The gene MUG145 was among the top upregulated genes by the WT@31 on day 356 

28 (Figure 7, Table S4). MUG145 encodes a RING finger protein that is a mediator of ubiquitin ligase 357 

activity (Joazeiro and Weissman 2000), part of a pathway that acts to degrade and clear damaged 358 
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protein from subcellular compartments (Gottesman, Wickner, & Maurizi, 1997; Parsell & Lindquist, 359 

1993; Pickart, 1999; Wilkinson, 1999). Indeed 14 ubiquitin-associated enriched GO categories, 360 

supported this activity on day 28. Finally, histone H4 (HIST1H4A) was among upregulated genes by 361 

the WT@31 and was among the top five on day 21 (Figure 7, Table S4). Histone proteins can play a 362 

protective role as part of the defence against DNA damage by oxidation in the nucleosome 363 

(Ljungman & Hanawalt, 1992; Ramirez-Parra & Gutierrez, 2007). Supporting this process, 11 GO 364 

categories were enriched for processes involving histones on day 28 by the WT@31 and seven GO 365 

categories were enriched that directly involved a response to DNA damage, supported by 101 366 

upregulated DEGs.  367 

 368 

Notably, 25 GO categories were enriched for fatty acid/lipid metabolism, catabolism and transport 369 

on day 28 and these were supported by 521 DEGs (Tables S3). Indeed, amongst the top upregulated 370 

genes were those that have functions in lipid/fatty acid metabolism and transport, i.e. genes 371 

encoding the electron transfer flavoprotein subunit alpha 2 (ETFA) and polyketide biosynthesis 372 

protein (pKsE), plasma membrane choline transporter (PNS-1) and long-chain fatty acid CoA ligase 373 

(ACSBG2) genes (Table S4); changes in lipid metabolism have been observed across many taxa 374 

exposed to elevated temperature (Imbs & Yakovleva, 2012; Yampolsky et al., 2014) and indicates a 375 

change in membrane and lipid storage composition. The energetic costs of living at elevated 376 

temperature are comparatively greater and thus the metabolism of lipid reserves is not unexpected. 377 

Additionally, lipid membrane damage occurs across all major taxa in response to stress (Parasassi, 378 

Sapora, Giusti, De Stasio, & Ravagnan, 1991; Steels, Learmonth, & Watson, 1994; Zeng, An, Zhang, & 379 

Zhang, 1999). For the algal symbionts the degree of lipid saturation in the chloroplast thylakoid 380 

membranes can be a key determinate of the sensitivity to heat (Hillyer, Tumanov, Villas-Bôas, & 381 

Davy, 2016; Tchernov et al., 2004; Warner et al., 1999). The upregulation of long chain fatty acid 382 

synthesis and transport may be an attempt to alter membrane lipid composition in response to 383 

stress, by the WT@31.  384 
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 385 

By day 35 only five GO categories were enriched for upregulated genes that fell into the broader 386 

biological processes of positive regulation of immune system processes and interspecies interaction 387 

between organisms (Figure 4, Table S3). The lack of sustained gene expression and reduction in 388 

enriched GO processes suggests an inability for the WT to acclimate to elevated temperature 389 

perhaps due to an inability to repair and/or remove damaged cellular molecules as a result of 390 

increasing ROS levels. Indeed, levels of extracellular ROS for the WT@31 approximately doubled 391 

from 21 to 35 days of exposure to elevated temperature  (Chakravarti et al., 2017) (Figure 1c). 392 

Furthermore, the enrichment of interspecies interaction could be a stress response to minimise the 393 

destabilisation of the coral-algal symbiosis and thus coral bleaching.  394 

 395 

Downregulated genes and functional pathways (WT@31 vs WT@27) 396 

On days 21 and 28, there were far fewer GO categories that were enriched for downregulated genes 397 

(22 and 21 categories) than for upregulated genes (123 and 883 categories) (Table S3). At all three 398 

time points, most enriched categories were involved in core photosynthetic machinery. The most 399 

downregulated genes included those coding for the cytochrome b6-f complex (petD), Photosystem II 400 

CP43 (psbC), CP47 (psbB), photosystem I chlorophyll apoprotein (psaA) and D2 (psbD) protein 401 

(Figure 4, Table S4). The phenotypic response of the WT@31 reflected this through reduced 402 

photosynthetic efficiencies both in the light and dark, reduced maximum electron transport rates 403 

and increases in  maximum excitation pressure over PSII and non-photochemical quenching values, 404 

over time (Figure 1, Chakravarti et al. 2017) Photosynthetic ability is often used as an indicator of 405 

algal symbiont health (e.g. Buxton, Takahashi, Hill, & Ralph, 2012) and the downregulation of 406 

photosynthesis in response to heat stress is a common phenomenon in thermo-sensitive cells (e.g. 407 

Baumgarten et al., 2013; Gierz et al., 2017; McGinley et al., 2012; Ragni et al., 2010; Robison & 408 

Warner, 2006). The photosynthetic machinery is sensitive to heat, and the downregulation of such 409 

genes is likely a mechanism to reduce the production of ROS in the chloroplast to prevent further 410 
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damage to photosynthetic apparatus and other cellular components (Lesser, 2006; Murata et al., 411 

2007). Alternatively, their downregulation may be an attempt to conserve remaining energy for 412 

other vital cell processes (McGinley et al., 2012). Downregulation may also indicate that that damage 413 

to photosynthetic machinery has impacted upstream molecular networks that promote 414 

photosynthetic gene expression. 415 

 416 

Response of thermally selected C. goreaui to bleaching temperature 417 

Differential gene expression (SS@31 vs WT@27) 418 

The thermally selected C. goreaui (SS@31) exhibited a more stable transcriptomic response than the 419 

WT@31 relative to the WT@27 control. The SS@31 differentially expressed 872, 575 and 613 genes 420 

across the three sampling days (Figure 3, Table S2). Unlike the WT@31, the majority of these genes 421 

were downregulated at the first sampling point of day 21 (686 genes, 79% of DEGs). The remaining 422 

two sampling points at days 28 and 35 were similar with 279 (49%) and 274 (45%) downregulated 423 

DEGs, respectively (Figure 3, Table S2).  The SS performed significantly better physiologically than 424 

the WT at 31 °C, exhibiting a positive growth rate, similar photophysiology to the WT@27 control 425 

and comparatively low extracellular reactive oxygen species levels similar to the control (Chakravarti 426 

et al. (2017), Figure 1c).  427 

 428 

Upregulated genes and functional pathways (SS@31 vs WT@27) 429 

Gene ontology enrichment (GO) analysis for the SS@31 revealed 61, 80 and 106 GO categories 430 

enriched for upregulated genes on days 21, 28 and 35, respectively (Table S3). Across each time 431 

point enriched biological processes fell into the broader category of DNA-templated transcription, 432 

initiation (Figure 5), while for enriched molecular functions, transcription factor activity involved in 433 

RNA, DNA and protein binding, as well as sigma factor activity were upregulated at each time point 434 

(Figure S5).  435 
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 436 

Figure 5. Treemap of summarised biological process Gene Ontology terms enriched for upregulated and 437 
downregulated biological processes for the SS@31 compared to the WT@27 control, across three time points. 438 
Each rectangle is a single cluster representative, joined into larger clusters of loosely related terms. Size of the 439 
rectangles reflect the p-value of the GO term in the GO analysis. Summary and treeplots were created using 440 
REVIGO, based on a medium (0.7) allowed similarity with GO term sizes from the whole UniProt database and 441 
sematic similarity measure of SimRel. 442 

 443 

Among the top five most expressed genes were those supporting enriched transcription factor 444 

activities including those encoding the cellular nucleic acid-binding protein (CNBP) and UDP-N-445 

acetylglucosamine (OGT) (Figure 7, Table S4). Transcription factors are proteins that can activate or 446 

deactivate specific genes and their induction or repression can play a crucial role in converting the 447 

perception of abiotic stress into stress-responsive gene expression. They can result in the activation 448 

of whole networks of genes that act together to enhance stress tolerance, including 449 

thermotolerance, as seen  in plants (Akhtar et al., 2012; Chen & Zhu, 2004; Guo et al., 2016; Xu, 450 
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Chen, Li, & Ma, 2008).  While around 7% of plant genomes are assigned to transcription factors 451 

(Baniwal et al., 2004; Udvardi et al., 2007) and up to 9% of transcription factor genes make up higher 452 

eukaryotic transcriptomes (Bayer et al., 2012), only up to 0.27%  of the Symbiodiniaceae genome 453 

consists of annotated transcription factors (Bayer et al., 2012; Shoguchi et al., 2013). Similarly, only a 454 

small proportion of the transcriptome in this study, at 0.71%, contains transcripts annotated with 455 

GO blast matches to “transcription factor”, though symbiont gene expression may be also regulated 456 

by other transcription factors that have not yet been characterised/annotated. Despite this paucity 457 

of known transcription factors, ‘DNA-templated transcription, initiation’ is still the most significantly 458 

enriched GO category for the SS@31 across all three time points. While transcription factor activity 459 

was also enriched in the WT@31, this was not sustained and enriched only at the middle time point. 460 

Thus, the sustained regulation of such genes may be vital to allowing the SS@31 to cope with 461 

elevated temperatures. Indeed, for the marine diatom,  Thalassiosira pseudonana, genes involved 462 

with transcriptional regulation were among those most rapidly evolving in thermally tolerant algae 463 

(Schaum et al., 2018). The targeting of genes encoding transcription factors has been discussed as 464 

genetic manipulation tool in crops to enhance stress tolerance (Agarwal, Agarwal, Reddy, & Sopory, 465 

2006; Lata & Prasad, 2011; Shinozaki & Yamaguchi-Shinozaki, 2006) and such genes could be 466 

important targets for enhancing thermal tolerance in algal symbionts.  467 

 468 

There was no consistent upregulation of genes encoding chaperone, antioxidant or heat shock 469 

proteins over time that may be expected of sustaining thermal tolerance for the SS@31 470 

population. Across many photosynthetic species, the upregulation of such genes confers thermal 471 

tolerance (e.g. Van Breusegem et al. 1999; Tang et al. 2006; Bita and Gerats 2013), including the 472 

thermo-tolerant population of C. goreaui studied by Levin et al. (2016) that showed  upregulated 473 

genes involved in ROS scavenging and molecular chaperoning.  474 

 475 
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A gene encoding the type II secretion system (T2SS) protein was among of the five most upregulated 476 

genes by the SS@31 at each time point (Table S4). Upon aligning the T2SS transcript with a 477 

published Cladocopium genome (Liu et al., 2018), SymbC1.scaffold21.313 was the closest match at  478 

40 % similarity and an e-value of 6e-73 and the scaffold contained a gene with a similar annotation; 479 

e.g. type II secretion system protein GspE. The T2SS transcript when BLASTx searched against NCBI 480 

(used to search for a nucleotide sequence in an amino acid database), matched most closely to 481 

bacterial genomes with a similarity of up to 50 % and an e-value of 4e-124, values that are slightly 482 

higher than those for the Cladocopium genome.The cultures used in (Chakravarti et al., 2017) were 483 

not axenic and  while sequencing methods in this experiment targeted polyA-tailed mRNA specific to 484 

eukaryotes,  the polyadenylation of mRNA in prokaryotes has been reported (Sarkar, 1997) and thus 485 

the occasional occurrence of bacterial transcripts with this method is possible.  486 

 487 

Genome studies indicate that the T2SS s system is present in hundreds of bacterial species belonging 488 

to the Proteobacteria as well as other major bacterial groups (Nivaskumar & Francetic, 2014). Type II 489 

protein secretion is a process used to secrete proteins such as toxins, proteases and lipases into the 490 

surrounding environment or into target cells and is generally considered pathogenic (Sandkvist, 491 

2001). However, T2SSs are also associated with non-pathogenic bacterial symbionts of plants and 492 

animals (Evans, Raftery, Egan, & Kjelleberg, 2007; Evans, Egan, & Kjelleberg, 2008), while  a similar 493 

type III secretion system  was found in a coral-associated Endozoicomonas species, a genus 494 

commonly detected in healthy corals, inferring the ability of the bacterium to communicate and 495 

modulate its coral host (Ding, Shiu, Chen, Chiang, & Tang, 2016). 496 

 497 

 Cultured strains of the algal symbionts have been found to typically harbour abundant bacterial 498 

communities (Lawson, Raina, Kahlke, Seymour, & Suggett, 2018). It is possible that thermal selection 499 

acted upon both the algal symbiont and a potentially mutualistic bacteria, where inter-kingdom 500 
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interactions, perhaps through secretion, aids the growth and survival of algal cells. Notably the type 501 

II secretion protein was not up- or down-regulated by the heat-sensitive WT@31, perhaps 502 

supporting the exclusivity of this function to the SS population to cope with heat stress. Due to their 503 

high stability, T2SS are found among bacteria that are adapted to extreme conditions (Evans et al., 504 

2007; Parrilli, Giuliani, & Tutino, 2008; Worden, Cuvelier, & Bartlett, 2006), supporting their 505 

upregulation at elevated temperature in this studyIf the transcript in question is of bacterial origin, 506 

the presence of such transcripts raises questions about the interactions of co-existing microbe 507 

interactions (Lawson et al., 2018). If this transcript is an algal gene upregulated by the SS@31, it 508 

could be a gene key to the thermal tolerance of the selected algal cells under heat stress and should 509 

be studied further.  510 

 511 

 512 

Downregulated genes and functional pathways (SS@31 vs WT@27) 513 

The number of enriched GO categories for downregulated genes, by 8-fold or more, for the SS@31 514 

were greater than the number of GO categories enriched for upregulated genes at 1056, 93 and 247 515 

categories on days 21, 28 and 35, respectively (Table S3). The first and last time points shared many 516 

common enriched biological processes that included the broader categories of the regulation of cell 517 

projection organization (Figure 5) that encompassed the regulation of lamellipodium and filopodium 518 

(cytoplasmic projections extending from the periphery of a migrating or moving cell) assembly and 519 

organisation, cell migration and motility as well as cell proliferation and cell differentiation. A recent 520 

study showed a 50% reduction in cell motility in another species of algal symbiont (formerly ITS2 521 

type clade A1) at 31 °C (Nitschke, Davy, Cribb, & Ward, 2015), and for other free-living 522 

dinoflagellates drastic declines in swimming speeds have also been observed at elevated 523 

temperature (Kamykowski & McCollum, 1986). The downregulation of such processes is likely an 524 

attempt to reduce energy expenditure in an energetically costly environment, however decreased 525 
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motility may have wider-reaching implications for cell dispersal, migration in the water column or 526 

the onset of symbiosis with a host and could be a cost of living under elevated temperature. 527 

 528 

On day 28, the SS@31 shared most of the enriched biological processes with days 21 and 35 but in 529 

addition photosynthetic electron transport processes were also enriched for downregulated genes 530 

(Figure 5) that included five enriched GO categories and 24 DEGS (Table S3). Despite this, there were 531 

no photosynthesis-related genes among the top 5 most downregulated genes on day 28 and by day 532 

35 there were no longer any enriched GO categories for downregulated photosynthetic genes (Table 533 

S3). Indeed, physiological data presented in (Chakravarti et al., 2017) revealed no apparent cost of 534 

elevated temperature to measured photophysiological traits, that remained at levels similar to the 535 

WT@27 control (Figure 1c). Additionally, the regulation of inflammatory response was enriched for 536 

downregulated genes on day 28 (Figure 5). A gene encoding peptidase_C14 that represents a 537 

subunit found in caspases, was one of the top five most downregulated genes on day 28, as well as 538 

day 35 (Figure 7, Table S4). Caspases are proteases that play a role in inflammation and apoptosis 539 

(Thornberry & Lazebnik, 1998). The downregulation of programmed cell death/apoptosis occurred 540 

at days 21 and 35 had 25 and six enriched GO categories supported by 310 and 77 DEGs, 541 

respectively. The downregulation of the programmed cell death pathway was in direct contrast to 542 

the upregulation of such processes by the WT@31. The downregulation of other processes and 543 

genes by the SS@31 also contrasted with the WT@31. This included chaperonin activity where one 544 

of the top most downregulated genes by the SS@31 was peptidyl-prolyl cis-trans isomerase (Fkbp2) 545 

on day 35, which was one of the most upregulated genes by the WT@31 on day 35. In addition, 546 

Long-chain-fatty-acid--CoA ligase and GTP cyclohydrolase 1 were amongst those genes highly 547 

upregulated by the WT@31 and downregulated by the SS@31 (Figure 7). 548 

 549 

Summary of up and down-regulated genes and functional pathways (SS@31 vs WT@27) 550 
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The stable upregulation of transcription factors over time by the SS@31, the lack of upregulated 551 

genes associated with a physiological stress response and the consistent downregulation of many 552 

genes represent marked differences with the WT@31, suggesting that these factors may be the 553 

causative mechanism of thermal tolerance in the SS. Furthermore, the upregulation of a gene 554 

homologous to a bacterial T2SS by the SS@31 could be important for its thermal tolerance, 555 

especially when these genes were not found significantly up or downregulated by the WT. The origin 556 

of this gene (bacterial or algal) should be further investigated.  557 

 558 

The SS studied in this experiment provided phenotypic and physiological evidence for thermal 559 

adaptation within only 80 asexual generations (Chakravarti et al., 2017). Since then, as little as 41-69 560 

asexual generations has been enough for a stable adaptive change to increased temperature in 561 

other Symbiodiniaceae species  (Chakravarti & van Oppen, 2018). Compared to other microalgae, 562 

this is relatively fast. For example, the marine diatom Thalassiosira pseudonana and the freshwater 563 

alga Chlorella vulgaris evolved thermal tolerance after 100 generations in laboratory experiments 564 

(Padfield et al., 2016; Schaum et al., 2018). For T. pseudonana genes associated with transcriptional 565 

regulation, cellular responses to oxidative stress and redox homeostasis  were the most rapidly 566 

evolving genes for thermal tolerance (Schaum et al., 2018).  Genes involved in the initiation of 567 

transcription were upregulated for the SS@31 in this study across all three time points while those 568 

involved in oxidative stress were downregulated. For Chlorella vulgaris thermal tolerance was 569 

accompanied by the down-regulation of respiration relative to photosynthesis, which the authors 570 

interpreted as rapid evolution of carbon-use efficiency resulting in enhanced thermal tolerance. 571 

Interestingly, the former study (Schaum et al., 2018)  provides evidence for accelerated adaptation 572 

in a fluctuating thermal regime instead of stable one. Variations in thermal regimes for evolutionary 573 

studies should be considered to accelerate assisted evolution studies for coral algal symbionts.  574 
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 575 

Figure 7 Top five differentially expressed upregulated and downregulated, annotated genes (DEGs) by (a) the 576 
WT@31 (b) SS@31 and (c) SS@27, at each time point (days 21, 28 and 35, listed to the right of each heatmap). 577 
Top DEGs were chosen based on the highest fold-change of each sample in question compared to the control, 578 
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WT@27. Data are log2 transformed. Genes are hierarchically clustered with an Elucidean distance metric. 579 
Heatmaps were created with TM4 MeV (v. 4.9.0). 580 

 581 

Response of the thermally selected C. goreaui to ambient temperature (SS@27) 582 

Differential gene expression (SS@27 vs WT@27) 583 

The thermally selected strain of C. goreaui transplanted to the control temperature (SS@27) 584 

differentially expressed 378, 1118 and 167 genes after 21, 28 and 35 days, respectively (Figure 3, 585 

Table S2). At the first two time points the majority of genes were upregulated rather than 586 

downregulated. The number of genes that were upregulated increased from 326 (62 % of DEGs) at 587 

day 21, to 976 (87 %) at day 28. Finally, by day 35 the numbers of up and downregulated genes were 588 

far fewer and more balanced, with 77 DEGs upregulated (46% of DEGs) (Figure 3, Table S2). 589 

Physiological data indicated the ability of the SS@27 to maintain growth, photosynthesis and 590 

extracellular ROS levels that were similar to the control (Chakravarti et al. (2017), Figure 1c). Thus, 591 

the high number and proportion of DEGs upregulated by the SS@27 on day 28, followed by an order 592 

of magnitude drop in DEGs by day 35 does not reflect a failed acclimation response, as observed for 593 

the WT@31. Instead it suggests that by the end of the experiment, a minimal transcriptomic 594 

response was required for the SS to function similarly to the WT at the control temperature, despite 595 

~80 generations of thermal selection. 596 

 597 

Upregulated genes and functional pathways (SS@27 vs WT@27) 598 

 599 

Differentially expressed genes fell into 52, 469, and 0 enriched GO categories for upregulated genes 600 

after 21, 28 and 35 days of the experiment, respectively (Table S3). Most GO categories for enriched 601 

biological processes of upregulated genes fell into the broader category of translation on both days 602 

21 and 28, with additional enriched categories that included cellular response to retinoic acid, 603 

cellular response to vitamin D and metabolic processes. Retinoic acid is formed through the 604 

oxidation of retinol (vitamin A) and both vitamin A and D can act as non-enzymatic quenchers of ROS 605 
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(Montserrat et al. 2011). In line with this, enriched GO categories for upregulated molecular 606 

functions at both time points included glutathione transferase activity, oxidoreductase activity, and 607 

peroxidase activity (Figure S6). Glutathione S-transferase (yghU) and short-chain dehydrogenase 608 

(TIC32) are involved in antioxidant processes and were coded by genes that were among the top five 609 

most upregulated by the SS@27 on day 21 and the latter (TIC32) also on day 28 (Figure 7c, Table S4). 610 

Neither genes were significantly upregulated by either the WT@31 or SS@31. Antioxidants such as 611 

these are common biomarkers of oxidative stress (Montserrat et al. 2011). However, extracellular 612 

ROS levels were not elevated by the SS@27 in Chakravarti et al. (2017) (Figure 1c). It is possible that 613 

the transplantation of the SS into an” environment not experienced for 80 generations may have 614 

elicited a short-term stress response and a subsequent higher ROS production could have been 615 

masked by the successful upregulation of antioxidant genes on days 21 and 28.  616 

 617 

,  618 

 619 

Vitamins A and D are also regulators of gene expression by binding to specific receptors (Ross et al. 620 

1993), acting as transcription factors. For example, retinoic acid, the metabolite of vitamin A 621 

(retinol), functions as a ligand for a family of nuclear retinoic acid receptors that regulate 622 

transcription of target genes (Huang, Chandra, & Rastinejad, 2014; Rastinejad, Huang, Chandra, & 623 

Khorasanizadeh, 2013). Furthermore, among the top upregulated genes by the SS@27 (Figure 7, 624 

Table S4) were others coding for transcription factor activities such as cellular nucleic acid-binding 625 

protein (CNBP), a transcription regulator, as well as the eukaryotic translation factor 4G (EIF4G) that 626 

aids the recruitment of ribosomes to mRNA (Gingras, Raught, & Sonenberg, 1999). Also likely 627 

involved in playing a regulatory role in gene expression was the gene encoding a histone H3-like 628 

centromeric protein (cpar-1) which was one of the most upregulated genes by the SS@27, exhibiting 629 

a 156-fold change compared to WT@27. Furthermore, among the top upregulated genes by the 630 

SS@27 were those involved in chaperonin-like activities such as the chaperonine T-complex protein 631 
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1 subunit delta (CCT4). Additionally, the Clp amino terminal domain was among the top upregulated 632 

genes and is found in the ClpA and ClpB proteases, thought to be involved in eliminating damaged 633 

proteins that cannot be rescued by chaperones, by unfolding them and delivering them to 634 

peptidases (Weber-Ban et al. 1999) or to reverse harmful proteinaggregations (Schirmer et al. 1996; 635 

Zolkiewski et al. 1999; Glover and Lindquist 1998). The gene encoding a Ubiquitin-conjugating 636 

enzyme E2 8 (UBC8) was one of the most upregulated genes by the SS@27 exhibiting a 224 fold-637 

change on day 28, suggesting a need to clear damaged proteins from subcellular compartments 638 

(Gottesman et al., 1997; Parsell & Lindquist, 1993; Pickart, 1999; Wilkinson, 1999). However, by day 639 

35 a BTB and MATH domain-containing protein 42 (bath-42) was one of the most downregulated 640 

genes likely involved in the ubiquitin pathway and protein degradation, suggesting a reduced need 641 

to remove damaged proteins. Furthermore, the lack of enriched GO processes by the end of the 642 

experiment also suggests that the SS was no longer under stress, responding similarly to the control; 643 

this is further supported by physiological data for the SS@27 where growth and photophysiology 644 

were not significantly different to the control WT@27 (Chakravarti et al., 2017) (Figure 1c). 645 

 646 

Downregulated genes and functional pathways (SS@27 vs WT@27) 647 

 648 

Only 10 and four GO categories were enriched for downregulated genes by the SS@27 on days 21 649 

and 28 and none by day 35 (Table S3). These collapsed into the broad biological function categories 650 

of actin filament depolymerisation on day 21 and unconventional myosin complex on day 28 (Figure 651 

6). Myosins are proteins that convert adenosine triphosphate (ATP) into mechanical energy, and 652 

have been associated with the regulation and organisation of the actin skeleton (Hartman, Finan, 653 

Sivaramakrishnan, & Spudich, 2011; Kalhammer & Bähler, 2000). Both the SS@31 and SS@27 654 

downregulated actin-related processes, while the WT@31 upregulated actin related processes. 655 

Indeed, the SS@31 and SS@27 showed similarities in the most downregulated genes including those 656 

encoding GTP cyclohydrase (SPAC17A5.13), that is involved in folate and biopterin pathways, Long-657 
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chain fatty acid CoA ligase (ACSBG2), an NAD(P)-binding Rossmann-like domain, Peptidyl-prolyl cis-658 

trans isomerase (PCKR1) and an NADP-dependent malic enzyme (ME1) (Figure 7, Table S4). 659 

 660 

Figure 6. Treemap of summarised biological process Gene Ontology terms enriched for upregulated and 661 
downregulated biological processes for the SS@27 compared to the WT@27 control, across three time points. 662 
Each rectangle is a single cluster representative, joined into larger clusters of loosely related terms. Size of the 663 
rectangles reflect the p-value of the GO term in the GO analysis. Summary and treeplots were created using 664 
REVIGO, based on a medium (0.7) allowed similarity with GO term sizes from the whole UniProt database and 665 
sematic similarity measure of SimRel. 666 
 667 

The upregulation of genes involving the regulation of translation and post-translational modification 668 

including chaperone-like proteins as well as antioxidant genes is indicative of a stress response. 669 

However, the lack of significantly enriched GO categories by the end of the experiment, along with 670 

the ability of the SS@27 to grow, photosynthesise and maintain low levels of extracellular ROS that 671 

were not significantly different to the control (Chakravarti et al., 2017) (Figure 1c), suggests a 672 

positive acclimatory response of the SS@27. Alternatively, the few genes that were differentially 673 

expressed at the end of the experiment may have been enough to sufficiently protect the SS@27 in 674 

a “new” temperature condition. Nonetheless, our results do show that after 80 generations/2.5 675 

years at elevated temperature, the SS strain still maintained a considerable transcriptome response 676 

when placed back into the original control temperature; even after 35 days of residing in the control 677 
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temperature, where 187 genes were differentially expressed at a log fold-change of ≥ 8 compared to 678 

the WT at 27 °C control. 679 

 680 

Future research directions 681 

 682 

The stable changes in gene expression and phenotype for the SS@31 could result from heritable, 683 

epigenetic modifications such as changes in DNA methylation, chromatin modifications and the 684 

biogenesis of small noncoding RNAs (Bird, 2002; Castel & Martienssen, 2013; Danchin et al., 2011; 685 

Greer & Shi, 2012).  Additionally, or alternatively, the development of random, new mutations, their 686 

selection and fixation in the population could alter patterns of gene expression (i.e., genetic 687 

adaptation). To our knowledge, there has been no study that has fully examined the mutation rate in 688 

microalgae, however one evolutionary study found that after 300 generations of thermal selection, 689 

only seven new single nucleotide polymorphisms (SNPs) were found in the genome of the thermally 690 

selected marine diatom, Thalassiosira pseudonana, all of which were silent (Schaum et al., 2018). 691 

This observation suggests genetic adaptation over this time frame is limited. While only one genetic 692 

mutation could be enough to trigger phenotypic differences, it is important to not ignore the role 693 

that epigenetic effects may have on the evolutionary outcome of coral photosymbionts. To 694 

thoroughly investigate the mechanisms underlying thermal tolerance, both genome and epigenome 695 

analyses are needed to pin-point any mutation(s) and/or non-genetic mechanisms that have 696 

contributed to the thermal tolerance of the SS. 697 

 698 

 699 

The consistent up- and especially downregulation of genes by the SS@31 in this study, but not by 700 

the WT@31 points to the causative mechanisms behind the comparatively high thermal tolerance of 701 

the SS cells. However, the downregulation of some processes, while perhaps aiding in thermal 702 

tolerance, may come at an ecological cost and should be investigated further. For example, reduced 703 
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motility may affect the chance of algal symbionts interacting with a potential host and thus the 704 

onset of symbiosis. The bleaching response of coral recruits hosting either the SS or WT at elevated 705 

temperature was investigated in (Chakravarti et al., 2017) and despite the comparatively high 706 

thermal tolerance of the SS in vitro, coral recruits bleached to the same extent when hosting WT or 707 

SS, although the bleaching response was somewhat delayed in two of three coral species hosting the 708 

SS. Free-living populations of Symbiodiniaceae make up the crucial environmental pool of symbionts 709 

available for corals with horizontal uptake and thus identifying the thermal response of such 710 

populations is important.  However, it is also important to study the response of algal symbionts to 711 

heat in symbiosis where the coral host can have a large effect on their symbionts’ physiology, and 712 

we suggest this as an important future research direction. Identifying genes and pathways that 713 

support thermal tolerance for free-living Symbiodiniaceae populations and in hospite could be 714 

targets for genetic engineering experiments and used to develop thermally tolerant strains of algal 715 

symbionts for use in coral restoration and conservation initiatives. 716 
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