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discussion S1. Comparisons with previous methylation studies in corals. 

In the absence of direct evidence, earlier work in corals (14, 15, 49) based the identification of 

methylated genes on two assumptions. Firstly, methylated genes have coding sequences with fewer CpG 

dinucleotides than expected. This is usually quantified with CpGO/E (also termed “CpG bias”), which 

represents the ratio of observed versus expected CpG dinucleotides on a per-gene basis. Secondly, 

highly methylated genes have both high methylation levels (a particular CpG is methylated in most 

cells) and high methylation density (most CpGs in that gene are methylated). 

 

Our data show that there are exceptions to both assumptions. A low CpGO/E value (< 0.6) is fairly 

indicative of methylated genes, but classifying genes above the same threshold as unmethylated would 

include many genes that are methylated (fig. S4A). This could be from genes acquiring methylation at 

different evolutionary times and/or the presence of different selection pressures for methylated cytosines 

that undergo spontaneous deamination. Also, while correlations between CpGO/E, methylation level and 

methylation density in the expected direction exist, the strengths of the correlations are moderate at best 

(fig. S4B). These correlations could have been underestimated, however: as our methylation data were 

derived from whole animals, it is likely that cell- and/or tissue-specific methylation (i.e., if a particular 

stretch of DNA was densely and strongly methylated in a tissue-specific manner, it would appear as 

densely but weakly methylated overall) would lead to the underestimation of the true values. 

 

discussion S2. S. pistillata promoter methylation has no effect on gene expression. 

Methylation in vertebrates has primarily been thought to drive gene expression via the differential 

methylation of promoter regions (50). Our analysis indicates that—unlike in vertebrates—promoter 

methylation in S. pistillata is sparse and does not influence gene expression. We detected methylation in 

promoters (defined as a 4 kb window upstream of genes) of 6,675 genes (25.9% of all genes). We 

identified 720 expressed genes that had differential promoter methylation. Of these genes, only 20 genes 

were differentially expressed (p = 0.26, Fisher’s exact test), but only half of these genes exhibited the 

expected change in expression linked to the change in promoter methylation (fig. S5A). Also, 

methylated promoters are generally less methylated than are gene bodies, as evidenced through direct 

sequencing (fig. S5B) and CpG bias (fig. S5C), indicating that methylation was either established in 

gene bodies earlier in evolutionary time than in promoter regions, or gene bodies consistently have had 

higher levels of methylation than promoters have had. 

 

discussion S3. Correlation of genic expression to methylation. 

In light of the crosstalk between transcription, histone modifications and gene body methylation, in 

which highly expressed genes are methylated to suppress spurious transcription from cryptic promoters 

(13), we sought to investigate whether similar observations apply to corals. 

 

We first confirmed that expression of methylated genes is higher than unmethylated genes in S. pistillata 

(Fig. 2A). For methylated genes, expression levels were significantly higher in genes with higher 

methylation levels, and in genes with higher methylation density up to 40% (Fig. 2B). We also observed 

that genes that are highly methylated tended to be housekeeping genes (data S6B), in line with indirect 

evidence from three other corals from genus Acropora (14, 15). 

 



To quantify the amount of spurious transcription, we calculated the expression of the first few exons 

relative to the first exon, with the expectation that methylation would reduce the expression of the 

middle exons. Our RNA-seq data showed that, for methylated genes, there was a progressive reduction 

of internal expression across the genes, culminating in a significant difference observed in exon 6. The 

decline was also more significant when we restricted the analysis to highly methylated genes (Fig. 2C). 

 

Some reports have suggested a link between increased methylation and the reduction in transcriptional 

variability (i.e., transcriptional noise) (14, 16), estimated as the coefficient of variation among the 

measured gene expression values. While expression and methylation state have been shown to reduce 

transcriptional noise independently (16), we were interested to see whether this holds true in our dataset. 

We coded our GLM to contain an interaction term between expression and methylation status 

(“expression:methylation_state”, table S1). Our GLM analysis indicates that independently, expression 

level has a large effect (73.4–74.3%, p < 0.0001) on transcriptional noise; but methylation, surprisingly, 

has a negligible effect on transcriptional noise. The effect of methylation, however, scales in the 

presence of expression, by further reducing (25.7–26.6%, p < 0.001) transcriptional noise, consistent 

with a suppressive action of methylation on expression (table S1).  

 

discussion S4. Validation of methylation patterns. 

To validate our initial findings and their reproducibility, we used MiSeq-based amplicon-specific 

bisulphite sequencing of selected candidate genes on the original samples as well as on samples from an 

independent repeat experiment. 

 

Accuracy of amplicon-specific bisulphite sequencing was assessed by performing this technique on 

DNA from all three biological replicates from the pH 7.2 and control treatments that were used to 

construct the original whole genome bisulphite libraries. Methylation levels of individual CpGs assayed 

using both techniques were highly correlated (r2 > 0.8, p < 0.01, fig. S1A, data S7). For most of the 

designed amplicons, both techniques produced concordant predictions of the shift in methylation state at 

pH 7.2 (binomial test p(X ≥ 14) = 0.002, fig. S1B). 

 

To verify that the observed methylation changes are also reproducible, and at the same time investigate 

whether methylation changes exhibited tissue-specific patterns, we performed laser microdissections on 

samples from an independent experiment with the same conditions as the previous pH 7.2 and 8.0 

samples. We separated the aboral tissues from the oral tissues (fig. S6A), and subsequently carried out 

amplicon-specific bisulphite sequencing on the extracted DNA. Of the 20 genes tested, amplicon 

sequencing confirms that 15 genes were differentially methylated in the expected direction (fig. S6B, 

data S8, binomial test p(X ≥ 15) = 0.02). 

 

Interestingly, we find that tissue-specific methylation patterns are stronger than treatment-specific 

patterns (fig. S6C). This observation ties in well with studies done on humans (18), where non-

cancerous cell lines tended to cluster based on tissue of origin. Nonetheless, the effect of the long-term 

pH stress is evident: the second principal component of the Principal Component Analysis (PCA) 

cleanly separates the treatments from each other. 

 

Among the tested amplicons, some had similar methylation levels in both tissues, while stark differences 

were present in some others. For example, major yolk protein (Spis7450), which is found in the skeletal 



organic matrix, has a mean methylation level of 26.2% in aboral tissues, in contrast to the 8.5% in oral 

tissues. Catalase (SpisGene3094), which has previously been associated with symbiosis, has a 13.6% 

methylation in aboral tissues, a third of the 43.3% in the oral tissues where most of the symbionts reside. 

 

Unexpectedly, genes that are involved in the regulation of JNK also displayed tissue-specificity. TRAF6 

(SpisGene580) and JNK-interacting protein 1 (SpisGene10613) were far more methylated in oral tissues 

than aboral. This potentially indicates that these genes might be regulated in a tissue-specific manner. 

 

discussion S5. Differential expression and methylation of biomineralization genes. 

pH stress has been consistently linked to the differential regulation of biomineralization genes in 

scleractinian corals (45, 51, 52); however, its effect on methylation patterns has yet to be studied. Our 

analysis of differentially methylated and differentially expressed biomineralization genes did not 

correlate well with the observed phenotype. Also, the corresponding methylation landscape of these 

genes was strikingly different from that of expression (fig. S7, data S9). This indicates that pathways 

responding to pH stress are perhaps under direct expression regulation via transcriptional factors, rather 

than affected by the fine-tuning of expression afforded via changes in methylation state. 

 

Among the differentially methylated genes, we identified two genes encoding key ion transporters 

putatively involved in the calcification process. The first is a gene encoding the carbonic anhydrase 

STPCA (Spis16865) that has previously been localized in the ECM and is thought to facilitate 

calcification by hydrating local CO2 to HCO3
- (45). The gene for this protein was more methylated in the 

pH 7.2 and 7.4 treatments, indicating a potential compensating mechanism that increases HCO3
- 

concentration. The second gene encodes the bicarbonate transporter SLC4ß (Spis8325), which is thought 

to be coupled to the enzyme STPCA2 in calicoblastic cells to facilitate HCO3
- transport to the ECM 

(53). This gene, however, is less methylated at pH 7.2, potentially indicating a modulation of 

bicarbonate ion transport to the ECM. 

 

Interestingly, we also observed increased expression of CARP1 (Spis6759), a main constituent of the 

OM. This gene has been shown to be important for mineral deposition (54) and is localized in the cells 

around the skeleton (55). CARPs and analogous proteins can bind to collagen—the former serving as 

mineral nucleation points, while the latter providing structural support within the ECM. An increase in 

CARP transcription may indicate an increase in possible nucleation points for growth of the coral 

skeleton and might represent a compensation mechanism. Major yolk protein (MYP, Spis7450), another 

OM protein with elevated expression (54), is unusual in also having increased methylation at pH 7.2. 

MYP binds and shuttles ferric iron (56), which is an important trace element in the coral skeleton and 

potentially plays a photoprotective role (57). Furthermore, we found a putative homologue of bone 

morphogenetic protein (BMP1, Spis8057) that was upregulated at pH 7.2. This protein was also found to 

be highly expressed in embryos of the sea urchin Strongylocentrotus purpuratus immediately before 

primitive skeleton (spicule) formation (58), possibly indicating a positive role in calcification. 

 

 

 

 



Supplementary Figures 

 

 
 

fig. S1. Amplicon-specific bisulfite sequencing can accurately assay methylation levels of 

amplicons of interest. (A) Results from amplicon sequencing largely corroborated that from whole 

genome bisulphite sequencing (r2 > 0.8 and n = 3 per treatment). (B) It also produced the expected 

methylation pattern in most of the tested amplicons (14 of 16 genes, binomial test p(X ≥ 14) = 0.002). 

 
  



 

 
fig. S2. Down-regulation of Ras and Ras guanine nucleotide exchange factors and up-regulation of 

Ras GTPase-activating proteins suggest a reduction in active Ras. The molecular switch regulating 

the activation of Ras is dependent on the activities of two opposing classes of proteins: GAPs, which 

convert the active Ras-GTP to the inactive Ras-GDP form, and GEFs which convert Ras-GDP to Ras-

GTP. At pH 7.2, the Ras homologues present in S. pistillata (Spis8757, Spis6980 and Spis13877) had 

reduced expression. This occurred in tandem with the general upregulation of Ras GAPs and 

downregulation of Ras GEFs, thus further depleting the amount of active Ras-GTP under pH stress. 

Asterisks denote significant differential expression (p < 0.05). (inset) The significantly downregulated 

Ras homologue (Spis13877, blue) and Ras GEF (Spis13822, orange) exhibited differential expression 

exclusively at pH 7.2.  

 

 

 

 
 

fig. S3. Differential expression of key genes was corroborated using RT-qPCR. Fold change 

indicates the expression of these genes at pH 7.2 relative to the control (pH 8.0). The experimentally 

measured values are very similar to that of RNA-seq, providing further support for the findings. Error 

bars represent ±1 SE. Asterisks denote significance of t-test p values. *: p < 0.05; **: p < 0.01; ***: p < 

0.001.  



 
 

fig. S4. Distribution of CpGO/E (“CpG bias”) for genes in S. pistillata. (A) While methylated genes do 

tend to have lower CpGO/E values than non-methylated genes, a sizable fraction of methylated genes will 

be falsely considered non-methylated if a strict CpGO/E threshold is used to define methylation states of 

genes. (B) Both metrics show moderate but statistically significant inverse correlation with CpGO/E. 

There is a moderately positive correlation between methylation level and methylation density. 

  



 

 
 

fig. S5. Multiple lines of evidence suggesting that promoter methylation does not influence 

expression patterns in S. pistillata. In these figures, promoter regions are defined as 4 kb windows 

upstream from the transcriptional start sites of all gene models. (A) Decision tree of 20 genes with 

differential gene expression and differential promoter methylation at pH 7.2 relative to the control. Only 

half of the genes exhibited the expected transcriptional response (i.e., increased promoter methylation 

represses expression and vice versa) (B) This heatmap of methylation levels in 4 kb windows upstream 

and downstream of transcription start sites demonstrates that methylation in promoter regions was much 

lower than that in gene bodies. (C) CpGO/E values were much lower in gene bodies than in promoters. 
 



 
fig. S6. Methylation patterns are strongly tissue-specific. (A) Example laser microdissection of aboral 

tissue from a fixed sample (scale bar represents 200 µm). (B) 15 out of 20 genes (binomial test p(X ≥ 

15) = 0.02) showed the expected methylation patterns (i.e., loci that had higher/lower methylation at pH 

7.2) in samples from a separate experiment. (C) PCA on these loci show that methylation patterns have 

a very strong tissue-specific signature (along PC1); less so by treatment (along PC2). 
 



 



fig. S7. Effect of long-term pH stress on selected biomineralization-related genes. All genes are 

significantly differentially expressed and/or methylated (p < 0.05) in one or more experimental 

conditions. Genes are sorted by the mean increase in expression, followed by the mean increase in 

methylation. Grey boxes represent changes in expression or methylation that were not statistically 

significant; blank boxes represent unmethylated genes. The heatmaps show little overlap between 

differentially expressed genes and differentially methylated ones, but the expression and methylation 

responses were always more pronounced at lower pH. 
 

  



Supplementary Tables 

table S1. Modeling transcriptional noise as a function of expression level and methylation state. In 

our GLM analysis, the inverse of the coefficient of variation (cv-1) was correlated against methylation 

status (0 for unmethylated genes; 1 for methylated genes) and log10-transformed expression values. 

Among the tested variables, expression had the greatest determinant of transcriptional noise (11.74), 

followed by an expression-dependent coefficient that is present only in methylated genes (4.44). 

Methylation state, on its own, has close to negligible effect on transcriptional noise (-0.19). All variables 

significantly influence transcriptional noise (p < 0.001). 

 
Model family: gamma   

   
Link function: identity   

   
Dependent variable: cv-1   

   
No. observations: 22,211   

   
df model: 3   

   
df residuals: 22,207   

   
    

 
95% confidence interval 

 

Coefficient Standard error z P>|z| [0.025 0.975] 

Intercept 1.006 0.0349 28.8416 0.0000 0.9376 1.0743 

expression 11.7377 0.089 131.8157 0.0000 11.5632 11.9122 

methylation_state -0.1942 0.0553 -3.5079 0.0005 -0.3026 -0.0857 

expression:methylation_state 4.4417 0.1253 35.4583 0.0000 4.1962 4.6872 

 

 

 


