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Abstract

The symbiotic relationship between cnidarians and dinoflagellates is one of the most widespread
endosymbiosis in our oceans and provides the ecological basis of coral-reef ecosystems. Although
many studies have been undertaken to unravel the molecular mechanisms underlying these
symbioses, we still know little about the epigenetic mechanisms that control the transcriptional
responses to symbiosis. Here, we used the model organism Exaiptasia diaphana to study the
genome-wide patterns and putative functions of the histone modifications H3K27ac, H3K4me3,
H3K9ac, H3K36me3 and H3K27me3 in symbiosis. While we find that their functions are
generally conserved, we observed that colocalization of more than one modification and or DNA
methylation correlated with significantly higher gene expression, suggesting a cooperative action
of histone modifications and DNA methylation in promoting gene expression. Analysis of
symbiosis genes revealed that activating histone modifications predominantly associated with
symbiosis induced genes involved in glucose metabolism, nitrogen transport, amino acid
biosynthesis and organism growth while symbiosis suppressed genes were involved in catabolic
processes. Our results provide new insights into the mechanisms of prominent histone

modifications and their interaction with DNA methylation in regulating symbiosis in cnidarians.

Introduction

Coral reefs are often considered the rainforests of the sea, as they form marine-biodiversity
hotspots. Reef ecosystem health directly depends on symbiotic cnidarians, such as corals and
anemones, that provide essential habitats for a myriad of marine organisms. To thrive in the
oligotrophic environment of tropical oceans, corals, and other symbiotic cnidarians, depend on an
intimate endosymbiosis with photosynthetic dinoflagellates of the family Symbiodiniaceae, also
known as zooxanthellae 1>, Living within the host’s gastrodermal cells, the symbionts provide
their hosts with over 90% of their total energy demands !, making these symbiotic relationships
vital for the functioning of the coral reef ecosystem. The disruption of this host-symbiont
relationship, also known as bleaching, can result in extensive mortality and subsequent degradation
and loss of entire coral reefs 2. Significant efforts have been made to understand the molecular
mechanism underlying this relationship >. However, there are still substantial knowledge gaps in
our understanding of the molecular underpinnings of these relationships, especially pertaining to

the role of epigenetic mechanisms in regulating the interactions between the host and the
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symbionts, which remain elusive in cnidarian symbiosis research ®. The uptake and maintenance
of symbionts require specific host responses, such as the suppression of the immune system 7-3:10-15
and the regulation of nutrient fluxes to control symbiont proliferation °, to maintain a stable
symbiotic relationship. Such responses are mediated through transcriptional changes that are

10-14
9

known to be regulated via epigenetic mechanisms in other organisms and some

endosymbionts have even been shown to evoke such responses by directly modifying the

10,15

epigenome of their hosts . However, while many recent studies have highlighted the

importance of epigenetic mechanisms in maintaining symbiotic relationships in plants and animals
16-18 "only one study looking at the role of DNA methylation in symbiosis has been conducted in

zooxanthellate cnidarians ©.

Eukaryotic genomes are packaged in the form of a DNA-protein complex termed chromatin. The
structural unit of chromatin is known as the nucleosome, which consists of a core protein octamer
and a stretch of ~147 bp of DNA that is wound around it. The protein octamer comprises two of
each of the core histones H2A, H2B, H3 and H4 and a non-core linker histone, histone H1, which
provides external stability to nucleosomes *?°. This essential organization of histones aids in the
folding of the DNA into a higher-order structure termed as chromatin fibers '°-2!. The N-terminal
tail of histone proteins can include reversible covalent changes termed post-translational
modifications (PTMs), which control chromatin structure and, thus, the epigenetic regulation of
gene expression and genome stability. These modifications have collectively been termed the
histone code !°. Along with these modifications, other epigenetic factors such as DNA methylation
and small RNAs collectively influence the chromatin structure, and in succession, the accessibility

of the genetic information '°2°,

Histone modifications can affect gene regulation differently depending on their type and location
in the genome (Table 1). Among the different PTMs, acetylation and methylation of specific
histone tail residues have been most extensively studied ''-!2, and they have been found to promote
repressing and activating roles in the regulation of gene expression '*. In general, activator
complexes methylate or acetylate specific amino acid residues in tails of histones bound to gene
promoter regions, thereby destabilizing the nucleosome-DNA interaction, and facilitating the

assembly of the transcriptional machinery at the promoter. However, repressor complexes
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97  demethylate/deacetylate histone tails and strengthen the DNA histone interaction, resulting in

98  hindered accessibility of the respective genomic regions for the transcriptional machinery 4.
99

Histone modifications | Function Location

H3K4me3 Activation Promoters, bivalent domains

H3K36me3 Activation Gene-body

H3K9%ac Activation Enhancers, promoters

H3K27ac Activation Enhancers, promoters

H3K27me3 Repression Promoters in gene-rich regions, bivalent domains

100 Table 1: Histone modifications with their function and location.
101

102 Methylation of histone tails occurs mainly at lysine (K) and arginine (R) residues, most commonly
103 observed as mono-, di-, or trimethylation of the lysine residues on H3 and H4 histone tails 22724,
104  Methylation of H3K36 and H3K4, for instance, act as activating histone modifications, while
105 H3K27 methylation has a role in repressing the gene expression 228, Similarly, H3K27ac and
106  H3K9ac modifications are associated with active transcription, and are predominantly associated
107  with promoter and enhancer regions 2>-2%, Histone methyltransferase (HMT) are histone-modifying
108  enzymes that catalyze the transfer of methyl groups to the targeted residues (lysine and arginine)
109  through a domain known as SET domain 2°. Acetylation and deacetylation of histone tails, on
110  the other hand, are catalyzed by histone acetyltransferases (HATs) and histone deacetylases
111 (HDACG:S), respectively. Different chromatin-modifying enzymes, including histone deacetylases
112 and histone lysine methyltransferases, function through multi-protein complexes that can also
113 interact with methyl-CpG binding proteins, thereby linking mechanisms of histone modifications
114 to the biochemical mechanism that maintains and modifies DNA methylation 332, This implies
115  that the enzymatic control of different epigenetic mechanisms are linked via crosstalk, and hence
116  mutually interactive in regulating gene expression *. In general, enzymes involved in depositing
117  these chemical modifications (acetyl, methyl, etc.) onto the chromatin at the specific location are
118  known as writers. In contrast, those which remove such modifications are called erasers 4.
119

120  Despite the importance of the cnidarian Symbiodiniaceae relationship for ecosystem functioning

121  we still know very little about the role of epigenetic mechanisms, and specifically histone
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122 modifications, in the regulation of host-symbiont interactions. Here, we profiled the genome-wide
123 association of the histone modifications H3K27me3, H3K36me3 and H3K4me, H3K27ac and
124 H3KO9ac, in the cnidarian symbiosis model Exaiptasia diaphana (Aiptasia). We describe their
125  genetic context, their correlation with CpG methylation (mCpG) and gene expression, as well as

126  their association with, and putative regulation of symbiosis genes.
127

128  Results

129  Genome-wide distributions of histone modifications in E. diaphana and their correlation with
130  CpG methylation

131  To understand the regulatory function of prominent histone modifications and their role in
132 symbiosis, we performed ChIP-seq experiments in symbiotic E. diaphana and analyzed the
133 genomic distribution of five major modifications; H3K27me3, H3K36me3, H3K27ac, H3K4me3
134 and H3K9ac (Supplementary Table ST1-ST5), as well as their correlations with respect to DNA
135  methylation © and gene expression. To do this, we first called “peaks” from all ChIP-seq data,
136  which are regions in the genome that are actively bound by a respective histone modification (see
137  materials and methods for more details). We used the term “peak” throughout the manuscript to
138  refer to these bound regions as well as their signal intensity relative to the input control.

139

140  For initial validation purposes, we compared the distribution of histone modifications between
141  active and inactive regions of the E. diaphana genome 3°. Repeat regions in the genome are mostly
142 silenced *7 and are known to differ in bound histone modifications in comparison to non-repeat,
143 i.e. genic, regions *%. Genome-wide analysis showed that the modifications H3K27me3 and
144  H3K36me3 had significantly higher peaks (T-test; p <0.0001) in repeat regions compared to genic
145  regions. In contrast, H3K4me3, H3K27ac and H3K9ac had significantly higher peaks (T-test; p <
146  0.0001) in genic regions (Fig. 1A). This suggested that the transcriptional suppression of repeat
147  elements in the E. diaphana genome aligns with higher H3K27me3 and H3K36me3 signals, and
148  simultaneously lower peak signals for H3K4me3, H3K27ac and H3K9ac.

149
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150
151  Fig. 1: Genome-wide distribution of histone modifications in E. diaphana and their

152 correlation with CpG methylation
153  (A) Boxplots of mCpG, H3K27me3, H3K36me3, H3K4me3, H3K27ac and H3K9ac peak levels

154  in genes and repeats region of the E. diaphana genome. The solid horizontal line in each boxplot
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155  represents the median and the dotted line the mean. The solid horizontal line for each modification
156  represents the average median of both genes and repeats (unpaired two-tailed Student’s t-test;
157  #***p <0.0001).

158  (B) Enrichment profiles of histone modifications and DNA methylation around all the protein-
159  coding genes. x-axis is the gene locations from -2kb of TSS through gene-body and +2kb of TES;
160  y-axis is the percentage of CpG methylation (mCpG) and log enrichment of peaks for each histone
161  modification.

162 (C) Average mCpG distribution around well-positioned histone modification's peaks.

163 (D) Principal-component analysis of all five histone modifications (H3K27me3, H3K36me3,
164  H3K4me3, H3K27ac and H3K9ac), CpG methylation (mCpG), GC content (GC %), and gene
165  expression (exp).

166  (E) Genome browser snapshot showing example distribution of all five histone modifications
167  (H3K27me3, H3K36me3, H3K4me3, H3K27ac and H3K9ac) in gene-body and promoter of
168  methylated; AIPGENE18521 and non-methylated; AIPGENE18575 genes.

169

170  Next, we determined the peaks for each histone modification around all protein-coding genes in
171  the E. diaphana genome. Peaks of H3K27me3 and H3K36me3 were prevalent in the gene-body
172 and promoter regions, but not the transcriptional start site (TSS). In contrast, peaks of H3K4me3,
173 H3K27ac and H3K9ac exhibited a bimodal peak pattern in the TSS region, with a smaller peak
174  around the promoter region and a prominent peak around the first exon, while gene-bodies featured
175  comparatively lower peaks (Fig. 1B, Supplementary Fig. SIA and S1B). To investigate the
176  relationship between the different histone modifications and mCpG, we classified all genes from
177  E. diaphana as either methylated (n=8018) or non-methylated (n=21322) based on their
178  methylation density and methylation level (see materials and methods for more details). We found
179  that H3K27me3 was predominantly present in the gene-body of non-methylated genes, while
180  H3K36me3, H3K4me3, H3K27ac and H3KO9ac were associated with methylated genes
181  (Supplementary Fig. S1C — S1G, Supplementary Table ST6).

182

183  Interestingly, however, analysis of the core nucleosome regions of all five histone modifications
184  showed either very low or no CpG methylation (Fig. 1C), suggesting that the DNA wound around

185  the histone octamer core containing these modifications is mCpG depleted.
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186

187  To determine how the different histone modifications are correlated with CpG methylation and
188  gene expression, we analyzed their associations with mCpG, GC content and gene expression °
189  wusing a principal-component analysis (Fig. 1D). All parameters, i.e., histone peak score, mCpG
190 ratio, and GC content, were averaged for each gene. We observed that all histone modifications
191  aligned on the same plane of the second principal component, along with gene expression. This
192 suggests a tighter relationship between histone modifications and gene expressions compared to
193  mCpG or GC content. Conversely, only histone modifications exhibiting gene-body prevalence
194  aligned with mCpG, GC content and gene expression along the first principal component. This is
195  likely because mCpG and GC content also display strong gene-body prevalence. Further, gene-
196  body prevalent histone modifications (H3K27me3 and H3K36me3) and TSS prevalent
197  modifications, (H3K4me3, H3K27ac and H3K9ac) clustered together, respectively (Fig. 1D). This
198  suggests that the distribution patterns of mCpG and GC content are more similar to those of gene-
199  body prevalent histone modifications. To further confirm this, we performed linear regression
200 analyses to identify potential interactions between histone modifications at each gene
201  (Supplementary Fig. S1H - S1K). We found a positive correlation between H3K4me3 and H3K9ac
202 (R’ =0.27, p = 0.0023), H3K27ac and H3K9ac (R’ = 0.36, p = 0.0014), and H3K27ac and
203  H3K4me3 (R’ = 0.43, p = 0.004), which suggests that a substantial number of genes could
204  potentially be bound by more than one of the three TSS dominated histone modifications
205  (Supplementary Fig. S1H, S11I). In contrast, the correlation between gene-body-dominated histone
206  modifications (H3K27me3 and H3K36me3) was very weak (R’ = 0.052, p = 0.045)
207  (Supplementary Fig. S1J, S1K). Actual examples of the distribution of all five histone
208  modifications over a methylated (AIPGENE18521) and non-methylated (AIPGENE18575) gene
209  are shown in Fig. 1E.

210

211  Histone-modification positioning and number as a function of transcription

212 Nucleosomes positioning and spacing has previously been shown to correlate with gene expression
213 levels *°. To study this in E. diaphana, we analyzed how the positions of the different histone
214  modifications in the promoter and gene-body regions vary and correlate with gene expression. To
215  do this, we used the peak width as a parameter for position, with more precise nucleosome

216  positioning reflecting tighter localization, and hence, narrower peak widths at a given position. For
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217  each modification, we compared the average peak width in the promoter and gene-body separately
218  (Fig. 2A) across lowly, intermediately, and highly expressed genes. We found that the average
219  peak width of activating histone modifications in the promoter region and the gene-body
220  significantly increased with gene expression. Only the repressive modification H3K27me3 did not

221  show a similar trend, and peak width remained constant across all expression levels.
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222

223 Fig. 2: Histone-modification positioning and number as a function of transcription

224 (A) Average peak width of different histone modifications (H3K27me3, H3K36me3, H3K4me3,
225  H3K27ac and H3K9ac) from promoter and gene-body as a function of gene expression category
226  in symbiosis. Magenta boxplots are from promoters and pinks are from gene-bodies. X-axis is the
227  gene category based on expression level (< 30" percentile RPKM: low, 30" and 70 percentile
228  RPKM: intermediate and > 70" percentile RPKM: high); y-axis log value of peaks’ breadth
229  (unpaired two-tailed Student’s t-test; ****p < (0.0001).
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230  (B) Boxplot showing average expression for genes without peaks and genes with peaks for specific
231  histone modifications. (unpaired two-tailed Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001,
232 wEEEH <0.0001).

233 (C) Specific histone modification counts are represented on the y-axis. X- axis represents gene
234 expression values binned in deciles according to mRNA abundance (RPKM). Dashed lines
235  represent the average count of each histone modifications and mCpG for all the genes, also shown
236  in p. Different chromatin modifications are represented by colors.

237 (D) Boxplot showing average expression for the genes with two, three, four and five peaks. And
238  correspondingly with and without the repressive modification H3K27me3; (unpaired two-tailed
239 Student’s t-test; ***p < 0.001, ****p <0.0001).

240

241  To investigate the effect of multiple peaks on gene expression, we selected genes with no peaks
242  and compared their average expression level against genes with a single peak from one
243  modification. We found that genes that only have a peak for the repressive modification
244  (H3K27me3) exhibited a significantly lower average expression than genes without any peaks. At
245  the same time, all genes with active modifications showed higher gene expression values than
246  genes without any peak or with H3K27me3 (Fig. 2B). Furthermore, we found a general increment
247  in gene expression with an increasing number of peaks for active histone modifications.
248  Meanwhile repressive histone modification peak counts, H3K27me3, showed a negative and weak
249  relation with expression (Fig. 2C). We also examined the cumulative effect of multiple histone
250  Modifications on genes expression. Interestingly, we observed that the average gene expression
251  level was higher if genes were associated with more than one histone modification, with every
252  additional modification resulting in significantly higher expression levels of associated genes, as
253  long as the repressive modification H3K27me3 was not included (Fig. 2D). Inclusion of
254  H3K27me3 consistently correlated with significantly lower gene expression levels, further
255  confirming its repressive effect.

256

257  Histone modifications in E. diaphana correlate with gene expression

258  To further analyze the correlation of the different histone modifications with mCpG and gene
259  expression, we divided all the protein-coding genes from E. diaphana into six categories based on

260 their transcription level and DNA methylation status. We observed a positive correlation between
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261  histone peak height and gene expression for H3K36me3 and for all TSS-prevalent histone
262  modification (H3K4me3, H3K27ac, and H3K9ac), and only H3K27me3 displayed a negative
263  correlation (Fig. 3A). This finding affirmed our previous analysis showing that H3K27me3 peak

264  counts decreased with increasing gene expression (Fig. 2C).
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266  Fig. 3: Histone modifications in E. diaphana correlate with gene expression
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267  (A) Distribution of histone modifications around genes with increasing expression levels. Red line
268  marking the lowest gene expression category (RPKM < 1), and darkest blue the highest expression
269  category (RPKM >250).

270  (B) Boxplots of histone peak heights from promoter and gene-body regions of methylated (dark
271  pink) and unmethylated (light pink) genes. Genes with expression below the 30% percentile of
272  RPKM were classified as lowly expressed, those between the 30" and 70" percentile as
273  intermediately expressed, and those above the 70 percentile as highly expressed. (unpaired two-
274  tailed Student’s t-test; *¥p < 0.01, **xp < 0.001, ***xp < 0.0001).

275  (€C) mCpG distribution around genes with increasing gene expression levels.

276

277  To further investigate the potential interactions of histone modifications and mCpG, we plotted
278  the average peak heights for every histone modification for low, intermediate and highly expressed
279  genes, each with and without mCpG respectively (Fig. 3B). We found that H3K27me3 showed a
280  significant negative correlation (p < 2.2 x 107!6) with gene expression both when present in the
281  promoter or the gene-body, and this effect was even more pronounced in methylated genes. In
282  contrast, H3K36me3 showed a positive correlation with mCpG and gene expression (Fig. 3B),
283  with H3K36me3 peak height positively correlating with increasing expression in methylated
284  genes. Similarly, TSS-prevalent histone modifications, i.e., H3K4me3, H3K27ac and H3K9ac,
285  also showed a positive correlation with gene expression and methylation (p < 2.2 x 1071%), and this
286  effect was more pronounced for peaks in the promoter region (Fig. 3A and 3B).

287

288  Histone modifications regulate the transcriptional response to symbiosis

289  To investigate the role of histone modifications in the regulation of the symbiotic relationship
290  between E. diaphana and its dinoflagellate symbionts, we analyzed the correlation between peak
291  occupancy for each histone modification and gene expression across 731 previously identified
292  symbiosis-associated genes °. We first categorized these 731 symbiosis-associated genes into
293  symbiosis-repressed (365) and symbiosis-induced (366) genes. We found that most symbiosis
294  genes (544; 74.4% of the 731 genes) were associated with at least one of the five histone
295  modifications we analyzed (Fig. 4A, Table 2, Supplementary Table ST7 — ST11). Active histone
296  modifications (i.e., H3K36me3, H3K4me3, H3K27ac and H3K9ac) showed a significantly higher
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297  association with symbiosis-induced genes (p < 0.01) while the repressive histone modification

298  (H3K27me3) had an almost equal number of peaks in both categories.
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300 Fig. 4: Histone modifications regulate the transcriptional response to symbiosis

301  (A) Total number of symbiosis-repressed (blue) and induced (pink) genes associated with each
302  histone modification in their gene-body and promoter regions.

303  Average peak distributions of symbiosis-repressed (blue) and induced (pink) genes associated with
304 H3K27me3 (B), H3K36me3 (C), H3K4me3 (D), H3K27ac (E) and H3K9ac (F) from -2kb of TSS
305  through gene-body and +2kb of TES. Each of the line plots from symbiosis-repressed genes is
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307
308
309

310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327

compared with induced genes (see respective boxplots, unpaired two-tailed Student’s t-test; ****p

<2.2x 10719,
Histone H3K27me3 | H3K36me3 | H3K4me3 H3K27ac H3K9ac # of genes with
modifications at least one
modification
Total in genome 5660 6536 13664 9629 14738 18675
(63.8%)
Symbiosis- 119 181 379 295 402 544
associated genes (16.3%) (24.8%) (51.8%) (40.4%) (55%) (74.4%)
Symbiosis- 59 69 160 118 168 252
repressed genes (16.2%) (18.9%) (43.8%) (32.3%) (46%) (69%)
Symbiosis- 60 112 219 177 234 292
induced genes (18.9%) (30.6%) (59.8%) (48.4%) (63.9%) (79.8%)

Table 2: Genes associated with histone modifications in the E. diaphana genome and

symbiosis genes, respectively

To confirm the relationship between peak height and gene expression, we compared the average
histone peak height of every modification across symbiosis repressed and induced genes. We
found that the repressive modification H3K27me3 had significantly higher peaks in symbiosis-
repressed genes (p < 2.2 x 1071%, Fig. 4B), while all active modifications (H3K36me3, H3K4me3,
H3K27ac and H3K9ac) had significantly higher peaks (p < 2.2 x 1071%) in symbiosis-induced genes
(Fig. 4C — 4F). This finding confirmed that histone modifications play an active role in the

regulation of the symbiotic relationship between E. diaphana and its dinoflagellate symbiont.

As a final step of validation, we analyzed the correlation between histone modifications and
changes in gene expression in response to symbiosis, we divided both symbiosis-induced (n=366)
and symbiosis-repressed genes (n=365) into two groups based on their median gene expression
fold change. We compared the profiles of the upper and lower 50 percentile for each of the histone
modifications separately. Similar to our previous observation we found that the repressive
modification H3K27me3 showed a higher prevalence in symbiosis-repressed genes irrespective of

the fold change (p < 2.2 x 107!, Supplementary Fig. S2A). Conversely, our analysis on the active
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328  histone modifications; H3K36me3, H3K4me3, H3K27ac and H3K9ac, also confirmed our
329  previous findings of significantly higher peaks in symbiosis-induced genes (p < 2.2 x 1071%)
330  (Supplementary Fig. S2B — S2E).

331

332  Histone modifications are involved in symbiosis-induced nutrient metabolism

333  To understand the role of histone modifications in the regulation of the symbiotic relationship, we
334  performed gene ontology (GO) enrichment analyses for both symbiosis repressed and induced
335 genes for each histone modification individually (Supplementary Table ST12 — ST2I,
336  Supplementary Fig. S3). While each modification had several unique enriched biological
337  functions, we found a considerable number of categories that were enriched across two or more
338  histone modifications (Supplementary Table ST22 — ST23). Many of these shared categories
339  within the symbiosis-induced genes were involved in amino acid metabolic processes, such as the
340  regulation of cellular amino acid and protein metabolic process (Table 3). Furthermore, we found
341  processes involved in the response to glucose and ammonium transport to be associated with
342 multiple modifications, suggesting that the central function of this symbiotic relationship in driving
343 host amino acid biosynthesis is regulated through histone modifications °. In line with this, we also
344  found shared enrichment of amino acid biosynthesis related processes, including L-serine,
345  glutamine, and methionine, as well as categories involved in amino acid transport. Similarly, we
346  found several shared biological processes associated with organism growth to be enriched across
347  multiple histone modifications, most notably GO terms related to central growth pathways such as
348  the insulin, hippo and the TORC1 pathways.

349

350  While many of the enriched categories in the symbiosis-induced genes were associated with
351  anabolic processes, we found symbiosis-repressed genes associated with histone modifications to
352 be predominantly involved in catabolic processes. These included the catabolism of molecules like
353  xanthine and glycerol-3-phosphate but also amino acids such as sulfur amino acids, L-
354  phenylalanine, betaine, arginine and L-threonine, among others.

355

GO Term Description

G0:0000098 sulfur amino acid catabolic process

G0:0003333 amino acid transmembrane transport
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G0:0006521 regulation of cellular amino acid metabolic process

G0O:0006527 arginine catabolic process

GO:0006541 glutamine metabolic process

G0:0006559 L-phenylalanine catabolic process
GO:0006564 L-serine biosynthesis process

G0O:0006579 amino-acid betaine catabolic process

G0:0009086 methionine biosynthesis process

GO:0009115 xanthine catabolic process

G0:0009749 response to glucose stimulus

GO:0015804 neutral amino acid transport

GO:0019518 L-threonine catabolic process to glycine
G0:0031931 TORC 1 complex

G0:0032024 positive regulation of insulin secretion

G0:0035329 hippo signaling pathway

G0:0044267 cellular protein metabolic process

GO0:0046168 glycerol-3-phosphate catabolic process

G0:0072488 ammonium transport
G0:0046949 fatty-acyl-CoA biosynthetic process

G0:0046500 S-adenosylmethionine metabolic process

G0:0006556 S-adenosylmethionine biosynthetic process

G0O:0008898 S-adenosylmethionine-homocysteine S-methyltransferase activity
G0:0032259 methylation

G0:0001733 galactosylceramide sulfotransferase activity

G0:0003943 N-acetylgalactosamine-4-sulfatase activity

GO:0003810 protein-glutamine gamma-glutamyltransferase activity
GO:0070403 NAD+ binding
G0:0004029 aldehyde dehydrogenase (NAD+) activity

356  Table 3: Selected GO terms of symbiosis genes associated with histone modifications. The
357  full GO term list is shown in Supplementary Tables (ST12 — ST23).
358
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359 Interestingly, we also found enrichment of GO terms involved in various metabolic pathways that
360  generate metabolites important for epigenetic modifications, such as acetyl-CoA/fatty-acyl-CoA,
361  S-adenosylmethionine, methylation process and lactate. Previous studies have shown that these
362  metabolites serve as cofactors for the enzymes responsible for depositing the chemical
363  modifications (acetyl and methyl) onto chromatin; chromatin writers 33>, In addition, we found
364 GO terms related to metabolites such as a-ketoglutarate and NAD+, which are essential cofactors
365  for certain enzymes that remove chemical modifications; chromatin erasers **3°. This suggests that
366  the chromatin changes induced to regulate gene expression in response to symbiosis might be
367  supplied by these processes and ultimately established through the respective writers and erasers.
368

369 Discussion

370  The process of symbiosis establishment and maintenance requires changes in the cnidarian host’s
371  cell function and specialization. Epigenetic mechanisms have been shown to play critical roles in
372  symbiotic relationships of eukaryotic and bacterial cells 6. The general importance of histone
373  modifications in host-microbe interactions has been acknowledged in plants, humans, and other
374  invertebrates '6'8, Through chemical signals and metabolites, endosymbionts can influence
375  epigenomes of host cells and directly enable communication between the two partners '$40,
376 Interestingly, histone acetylase and deacetylase activity have been shown to be influenced by
377  microbes and dietary factors >#:42, Although epigenetic studies in cnidarians remain scarce, there
378  1isevidence that histone modifications may play a critical role in host-algae symbiosis mechanisms
379 6437475 Here, we report the first genomic landscape of five histone modifications, H3K27me3,
380 H3K36me3, H3K4me3, H3K27ac and H3K9ac, in a symbiotic cnidarian.

381

382  We find that their genomic distribution and putative primary functions align with observations
383  made in other organisms **, suggesting functional conservation of these histone modifications in
384  E. diaphana. Further, our results revealed strong correlations between the histone modifications
385  analyzed and transcriptional changes observed in response symbiosis. These findings collectively
386  suggest a direct role for histone modifications in regulating the host’s response to symbiosis.

387

388  Conserved roles of histone modifications in regulating gene expression
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389  The general explanation for the ability of histone modifications to enhance or repress transcription
390 is that they affect the DNA-histone association and, thus, promote or suppress access for
391  transcription factors and the transcriptional machinery to the DNA. As such, these modifications
392 represent an essential mechanism for the epigenetic control of transcriptional responses in

12,45-47

393  eukaryotes . In line with this, our analyses revealed highly significant correlations between

394  histone modifications and gene expression. Analysis of the genomic distribution of H3K27me3

45,46

395 and H3K36me3 showed enrichment in repeat regions while the activating modifications

396  H3K4me3, H3K27ac and H3K9ac showed enrichment in the genic regions (Fig. 1A), as expected

397  based on observations in other organisms '!-48,

398

399 Iltisinteresting to note, however, that we found a substantial number of genes associated with more
400  than one histone modification, suggesting that several histone modifications might act on the same
401  gene simultaneously (Supplementary Fig. SIH — S1K). Such a cooperative interaction in
402  regulating gene expression was further supported by the finding that the number of active histone
403  modifications present on genes positively correlated with gene expression levels, suggesting an
404  additive effect. However, it needs to be pointed out that ChIP-seq data cannot inform if the
405  modifications were present on the same DNA molecule or if they were just associated with the
406  same gene but in different cells of the organism. This limitation is evident when looking at the
407  lower average expression observed for genes that were bound by an activating histone modification
408  as well as the repressive modification H3K27me3. Since an actively expressed gene is unlikely to
409  be simultaneously associated with activating and repressive modification, it is more likely that the
410  H3K27me3 association stems from cells where this gene was silenced. Since these cells would not
411  contribute any transcripts for this gene to the whole organism RNA pool, this would reduce the
412  observed overall expression level of the gene in the organism.

413

414  Crosstalk between histone code and DNA methylation

415 DNA has a determined nucleotide sequence that cannot be changed. However, it has been
416  postulated that the transcription of the genetic information is partly regulated by epigenetic
417  mechanisms such as the underlying histone modifications and DNA methylation. Our analyses of
418  potential interactions of histone modifications and DNA methylation in regulating gene expression

419  revealed strong correlations for all activating modifications that suggest crosstalk between these
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420  epigenetic mechanisms in E. diaphana. We observed that the average expression of genes
421  associated with activating histone modifications was generally higher if they were also methylated
422  (Fig. 3B), suggesting a cooperative interaction between activating histone modifications and DNA
423  methylation. In contrast, we found that genes associated with the repressive modification
424  H3K27me3 showed the opposite trend for methylated genes if the histone modification was found
425  in the gene-body. However, it should be noted that H3K27me3 was predominantly present in the
426  gene-body of non-methylated genes, while H3K36me3, H3K4me3, H3K27ac and H3K9ac were
427  associated with methylated genes (Supplementary Fig. S1C — S1G). While these results suggested
428  acooperative interaction, analysis of the core nucleosome regions of all five histone modifications
429  showed either very low or no CpG methylation (Fig. 1C), indicating that they are present on the
430  same genes but that their precise locations within the gene are mutually exclusive. In summary,
431  our results are indicative of crosstalk between active histone modifications and DNA methylation
432 in modulating gene expression, while repressive modifications associate predominantly with non-
433  methylated genes to suppress their expression.

434

435 A model for the regulation of gene expression via histone modifications in E. diaphana

436  Based on our results, we propose a model for how the histone modifications analyzed here could
437  regulate gene expression in E. diaphana. In addition, the model demonstrates how histone
438  modification and DNA methylation crosstalk may be functioning in symbiotic cnidarians.

439  When a gene is silenced, it is bound by H3K27me3 in the promoter and gene-body (Fig. 5A),
440  which promotes repression through the polycomb complex. H3K27me3 has been shown to recruit
441  PRCI1 (polycomb repressive complex), which contributes to the compaction of the chromatin,
442  leading to the formation of heterochromatin and its inaccessibility for transcription factors and the
443 transcriptional machinery ¥.

444

445  However, when a gene needs to be activated, it requires the preinitiation complex (PIC) to
446  assemble at the promoter region of a gene and to recruit RNA Pol II to the promoter to build the
447  transcription initiation complex 2, Based on our results, and in line with previous findings
448 112733 we propose that the presence of the activating histone modifications H3K27ac and H3K9ac
449  around the promoter and the TSS promote access for transcription factors of the PIC to the gene

450  promoter (Fig. 5B). Once the PIC is assembled, RNA Pol II can be recruited to form the
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451  transcription initiation complex and H3K27ac, H3K9ac and H3K4me3 (TSS-dominated
452  modifications) can act as a pause-release signal for Pol II to initiate transcription. The
453 transcriptional elongation process is then supported by H3K4me3 and H3K36me3 >4, Meanwhile,
454 low CpG methylation at the promoter further favors the attachment of the assembly of the PIC and

55, while high CpG methylation in the gene-body prevents the

455  the transcriptional complex
456  assembly of the transcriptional machinery at cryptic promoter sequences within the gene-body,
457  which would lead to spurious transcripts and the production of truncated proteins 6. The crosstalk
458  between histone modifications and DNA methylation is brought about through the interaction of
459  histone modifying enzymes. For instance, the histone methyltransferase Set2D is recruited by the
460 active transcriptional complex and tri-methylates H3K36 along the gene-body. H3K36me3, in
461  turn, is then actively bound by DNA methyltransferase 3b which methylated CpG within the gene-
462  body of actively transcribed genes >’. Together, histone modifications and DNA methylation create
463  a chromatin landscape conducive of high gene expression and the production of full-length

464  transcripts, while at the same time reducing transcriptional noise and spurious transcripts (Fig. 5B)

465 38,
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467  Fig. 5: Histone modifications and CpG methylation underlying dynamic gene regulation.
468  Proposed model for the dynamic topology of five histone modifications and CpG methylation on

469  gene loci: (A) Chromatin erasers remove all active histone modifications and DNA methylation
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470  from the gene-body (H3K36me3 and CpG) and promoter (H3K4me3, H3K27ac, H3K9ac and
471  CpG) of an inactivated gene. Simultaneously, chromatin writers add the repressive mark
472  H3K27me3 to histone H3 molecules within the promoter and gene-body. This chromatin state
473  prevents RNA Pol II and transcription factors (TFs) from attaching to the promoter. (B) For the
474  activation of gene expression H3K4me3, H3K27ac and H3K9ac are established at the promoter
475 and the transcriptional start sites of the gene, while H3K36me3 and CpG methylation are
476  established throughout the gene-body. This facilitates access of Pol II and TFs to the promoter and
477  the TSS, which activates the gene and promotes transcription.

478

479  The role of histone modifications in symbiosis

480  Our analyses revealed that genes associated with activating histone modifications were
481  significantly enriched in the fraction of symbiosis-induced genes. This suggests that their increased
482  expression in response to symbiosis is promoted via their association with activating histone
483  modifications. Interestingly, we did not see the opposite trend for the repressive modification
484  H3K27me3 which is associated with the same number of symbioses induced and repressed genes.
485  However, analysis of H3K27me3 peak heights did show significantly higher peaks in symbiosis-
486  repressed genes compared to symbiosis-induced ones. The fact that H3K27me3 peaks were
487  significantly higher in symbiosis-repressed genes suggests that the association of these genes with
488  H3K27me3 was evident in more host cells, which increased the number of ChIP-seq reads
489  obtained, and thus the relative peak heights.

490

491  Analyses of the biological functions enriched in 2 or more histone modifications highlighted that
492  the histone modifications studied associated with anabolic functions in symbiosis-induced genes
493  and catabolic functions in symbiosis-repressed genes. Specifically processes associated with
494  amino acid biosynthesis and growth suggested that these histone modifications are involved in
495  regulating the metabolic response and growth in symbiotic anemones. However, these processes
496  are also involved in the regulation of the symbiotic relationship itself. Endosymbiotic relationships
497  are usually driven by synergies arising from the complementation of the host’s metabolic
498  capabilities that enable the resulting metaorganism to thrive in nutrient poor environments or to

59,60

499  use previously inaccessible diets , as is also the case for symbiotic anemones and corals.

500  However, this intimate form of symbiosis requires maintaining a delicate balance of nutrient fluxes
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501  to provide nutrients to the symbionts, to keep benefiting from them, but at the same time ensure
502  they do not over proliferate at the expense of the host. The maintenance of this balance in symbiotic
503  cnidarians is achieved through the regulation of genes involved in ammonium assimilation and
504  amino acid biosynthesis °. We find that genes involved in the assimilation of waste ammonium
505 and amino acid biosynthesis are predominantly associated with activating histone modifications.
506  Further, the observed crosstalk of activating histone modifications and DNA methylation in
507  driving higher expression of symbiosis-induced genes suggest a multi-layer epigenetic regulatory
508 mechanism that may be critical for cnidarian symbiosis. Our results, therefore, indicate that the
509  maintenance of symbiosis-associated gene expression is provided by the synchronous action of
510  histone modifications and DNA methylation. However, the biological interpretation of the results
511  presented here are only first insights into research that clearly requires further expansion. We
512 acknowledge that to further disseminate the role of histone modifications in symbiosis, further
513  ChIP-seq studies including aposymbiotic individuals (E. diaphana without its dinoflagellate
514  symbionts) will be required. Nonetheless, our results on the biological functions align with recent
515  observations of increased gene accessibility and open chromatin states in symbiotic anemones 4.

516
517 Materials and Methods

518  E. diaphana culture and maintenance

519  E. diaphana of the clonal strain CC7 %!, originating from North Carolina, was used in this study.
520  Anemones were maintained in polycarbonate tubs with autoclaved seawater at 25°C. Animals were
521  exposed for 12-hour light/dark cycle at 20-40 pmol photons m?s! light intensity. The anemones
522 were fed twice weekly with freshly hatched Artemia nauplii (brine shrimp). For the experiment,
523  three biological replicates were taken, each consisting of two individual anemones pooled together.
524

525  Chromatin Immunoprecipitation (ChIP) sequencing library preparation

526  The process of establishing a reproducible ChIP-seq protocol in E. diaphana, which so far has
527  primarily been optimized for human, mice and plant cell studies, included many quality control
528  and optimization steps that require attention. In hopes of streamlining future attempts at ChIP-seq
529  in other cnidarians, especially corals, we opted to optimize pre- immunoprecipitation steps to the
530 point that kits could be confidently used thereafter. We used Zymo-Spin ChIP Kit (Zymo

531  Research) to extract histone-bound DNA fragments, however, we applied minor adjustments to
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532  the pre-IP steps. In a recent publication ¢, we published a summarized version of the protocol. In
533  another publication 2, a summarized version of the protocol was presented. Here, we provide a
534  detailed description of the protocol (Supplementary file — Extended materials); steps of validation
535  and optimization are described in greater detail to, hopefully, allow future research to progress and
536  further advance the field of epigenetic research in cnidarians.

537

538  Corresponding input controls for each of the three replicates were generated as suggested by the
539  manufacturer. After validation of various histone antibodies (Supplementary file — Extended
540  materials; Fig. S3), immunoprecipitation was conducted using a target-specific antibody to histone
541 3 acetylation at lysine 27 — H3K27ac (ab4729, Abcam), histone 3 tri-methylation at lysine 4 —
542  H3K4me3 (ab8580, Abcam), histone 3 acetylation at lysine 9 — H3K9ac (ab10812, Abcam),
543  histone 3 tri-methylation at lysine 36 — H3K36me3 (ab9050, Abcam) and histone 3 tri-methylation
544  atlysine 27 — H3K27me3 (ab6002, Abcam). Upon validation of immunoprecipitation, using High
545  Sensitivity DNA Reagents (Agilent Technologies, California, United States) on a Bioanalyzer,
546  ChlIP libraries were constructed using TruSeq Nano HT DNA kit (Illumina, California, United
547  States).

548

549  Sequencing libraries

550  Paired and single end sequencing was performed at the Bioscience Core Lab (BLC) at the King
551  Abdullah University of Science and Technology, Thuwal, KSA with NextSeq 500. The ChIP-seq
552 mapped files are deposited in NCBI SRA under accession number PRINA826667.

553

554  Sequence alignments

555  ChIP-seq sequencing resulted in 10 million read pairs per replicate. The raw reads’ quality were
556  checked with FASTQC toolkit % and cleaned to achieve desired quality using the and

557  Trimmomatic

. The clean reads were uniquely mapped on the E. diaphana genome
558  (http://Exaiptasia diaphana.reefgenomics.org/) 3¢ using bowtie 1.1.2 with default parameters .

559

560 Identification and annotation of histone modification peaks
561  Genomic regions having all five modification modifications were identified using Model-based

562  Analysis of ChIP-Seq (MACS3: https://github.com/macs3-project/MACS/tree/master/MACS3)
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563  through “macs3 callpeak -t treatment.bam -i input.bam -f BAM -g 2.7e+8 -B --nomodel --d-min
564 10 --call-summits” parameters °. Combined evidence from ChIP-seq biological replicates were

565  estimated by MSPC tool (https://github.com/Genometric/MSPC) ¢’, using “./mspc -I rep*.bed -r

566  bio -w le-4 -s le-8” parameter. Absolute enrichments were calculated as log2(average
567  signal/average input control) with adjusted p <0.01 for each identified peak in whole genome.
568

569  We used gene annotation of the E. diaphana genome (GFF3 file) 3¢ for assigning the location of
570  identified histone enrichment peaks on the genome. For annotation of all such peaks, we used
571  ChIPseeker: An R/Bioconductor package for ChIP peak annotation, comparison and visualization
572 %% This package annotates the peaks into the genic or intergenic region, and the distances to the 5’
573  and 3’ ends of each genomic feature (gene/intergenic region/promoter/exon/intron). The annotated
574  table of all histone enrichments peaks are shown in Supplementary Tables ST1-STS5.

575

576  Defining biological function of histone peaks

577  Gene annotation was obtained from the previously published E. diaphana genome 3¢, To analyze
578  the functional enrichment of the histone peaks bound genes we obtained the GO annotation from
579  the genome and analyzed it using topGO ¢° using default settings. In order to test for the potential
580 role of all five histone modifications in symbiosis, we used the list of 731 identified symbiosis
581  genes as identified in Cui et al., 2019 ° and matched them with binding sites of each histone
582  modification.

583

584  Use of previously published data

585  DNA methylation BS-seq raw reads were obtained and processed from Li ef al., 2018 ¢, and gene
586  expression data were taken from Cui et al., 2019 °. Based on Cui et al., 2019, classification of
587  symbiotic-dependent and -independent genes has been done.

588

589  Data visualization

590  Screenshots of E. diaphana chromosome features were taken in Integrated Genome Browser -
591  9.1.8 (IGB) 7°. Previously used DNA methylation BS-seq data were processed with Bismark-
592 0.22.3 7! for each replicate, and then taken an average of replicates from each sample using basic

593  Unix commands. Average enrichment scores, plots and heatmaps at genomic features of interest
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594  were generated by deepTools 7. Histone width and count for each associated gene of specific
595  modification were estimated and plotted by in-house programs.

596

597  Quantification and statistical analysis

598  All the other plots and boxplots with statistical analyses have been done mainly by R CRAN
599  package: dplyr. Further statistical analyses were done using R (version 3.5.1). For boxplots, the
600  bottom and top of the box indicate the 25" and 75" percentile, respectively. The bar in the boxplot
601  shows the median. Whiskers indicate a 1.5X interquartile range (IQR).

602

603  Data access

604  The ChIP-seq mapped files generated for this study have been submitted to the NCBI Gene
605  Expression  Omnibus  (http://www.ncbi.nlm.nih.gov/sra/) under accession  number
606  PRINA82666793.

607
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621

622  Supplementary Figures
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624  Fig. S1: Genome-wide histone modifications distributions in E. diaphana and their

625  correlations

626  (A) Genomic distribution of significantly identified peaks from different histone modifications and
627 mCpG in Aiptasia genome.

628  (B) Distribution of significantly identified peaks from different histone modifications and

629  mCpG with respect to TSS in Aiptasia genome.
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630  Average peaks of methylated (pink) and unmethylated (grey) genes associated with H3K27me3
631 (C), H3K36me3 (D), H3K4me3 (E), H3K27ac (F) and H3K9ac (G) from -2kb of TSS through
632  gene-body and +2kb of TES.

633  Linear regression analyses between H3K9ac with H3K4me3 (H), H3K9ac with H3K27ac (I),
634  H3K4me3 with H3K27ac (J), and H3K27me3 with H3K36me3 (K).

635
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636

637  Fig. S2: Upper and lower 50% percentile: histone modifications change within symbiosis
638  induced and repressed genes.
639  Symbiosis-repressed (n=365) and symbiosis-induced genes (n=366) genes were sub-divided into

640  two groups based on their median expression fold change into upper and lower percentile of gene
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641  expression and their histone signals in H3K27me3 (A), HeH36me3 (B), H3K4me3 (C), H3K27ac
642 (D) and H3K9ac (E).

643  (F) Shared TSS dominated histone peaks in symbiosis-repressed and induced genes.

644
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646  Fig. S3: Gene Ontology bubble plots
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647  Gene ontology (GO): biological process (BP), cellular component (CC) and molecular function
648 (MF) of all five histone modifications (H3K27me3, H3K36me3, H3K4me3, H3K27ac and
649  H3K09ac) associated genes which are repressed and induced in symbiosis. Y-axis is negative of log
650  adjusted p-value, x-axis is z score and area of the circle is the number of genes in particular
651  category.
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678 Supplementary File — Extended Methods

679  Chromatin Immunoprecipitation (ChIP) protocols have been primarily optimized for human, mice
680  and plant cell studies. The work presented here, and the resulting products, are the first attempts
681  at using ChIP on a symbiotic cnidarian in order to understand the histone mechanisms of corals.
682  In arecent publication ¢, a summarized version of the protocol was published. However, the ChIP
683  protocol is sensitive and therefore requires a number of optimization, validation and quality control
684  steps. In the following, we focus on required pre-protocol validations, the optimization and quality
685  control steps taken pre-IP, leading to the final protocol as applied.

686

687

688  Validation of experimental concept

689  Histone sequence conservation

690  While histone modifications are highly conserved across eukaryotes, there has been evidence of
691  histone variants 73. Although these variants do not show altered function of the histone in the
692  nucleosome (i.e. packaging of DNA), a potential change in base pair could hinder the binding of
693  commercial anitbodies and, if the target base pair is the modified one, indicate that the modification
694  of interest is not conserved.

695

696  The main part of interest is the conservation of the N-terminal tail of histone 3, which carries the
697  modifications investigated in this study. As expected, histone tails are of Aiptasia are highly
698  conserved and align to other plant, animal and fungi sequences (Supp. SF1. Fig. 1). Additionally,
699  we also aligned human histone variants H3.2 and H3.3 to Aiptasia histone models and found
700  continuous conservation of amino acids (98.2% and 100% positives, respectively), indicating that

701  Aiptasia also carries various variant forms of histone 3.
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LR R RS AR ER SRR ER SRR R ENESEEEEE]

Exaiptasia MA RKSTGGKAP KAARK GGVKKPHRYRP 50
Zebrafish MA RKSTGGKAP KAARK GGVKKPHRYRP 50
Mouse MA RKSTGGKAP KAARK GGVKKPHRYRP 50
Human MA RKSTGGKAP KAARK GGVKKPHRYRP 50
Arabidopsis MA RKSTGGKAP KAARK GGVKKPHRFRP 50
Yeast R GGVKKPHRYKP 50
Exaiptasia LLIRKLPFORLV LRF 100
Zebrafish LLIRKLPFQORLV LRF 100
Mouse LLIRKLPFORLYV. LRF 100
Human LLIRKLPFORLYV. LRF 100
Arabidopsis LLIRKLPFQRLV LRF 100
Yeast LLIRKLPFQRLV. 100

702
703 SF1. Fig. 1. — Sequences alignment of histone 3 (H3) across species. Conservation of amino

704 acid bases is consistent across organisms, particularly across the N-terminal tail (adapted from Li
705  etal, 2018)

706

707  The high conservation of the amino acid sequence, particularly on and around sites of interest such
708  as lysine 4 and 9, indicates that the epitope of commercially available antibodies is present and
709  should be detectable. Interestingly, there appears to be a difference in amino acid between
710  organisms at the 98™ position; in Exaiptasia and Zebrafish, the sequence carries serine (S) while
711  mice and humans have cysteine (C). Since these positions are in the fold motif of the histone, no
712 modifications occur there. Hence, alterations in this region are not of concern for the purpose of
713 this study.

714

715

716  Antibody validation through Western blot

717  The success of ChIP and its subsequent sequencing is heavily dependent on the antibody quality.
718  Thus, it is important to validate their affinity and sensitivity in order to be used in ChIP studies.
719  Commerical antibodies for H3K4me3 (ab8580, Abcam), H3K27me3 (ab6002, Abcam), H3K27ac
720  (ab4729, Abcam), H3K36me3 (ab9050, Abcam) and H3K9ac (ab4441, Abcam) were validated for

721  use in Exaiptasia. Total protein extraction and western blot was conducted as described in Li et al


https://doi.org/10.1101/2022.05.10.491282
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.10.491282; this version posted May 10, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

722 (2018). The western blot indicated that all antibodies detected proteins in the expected range,
723 except for H3K4me3, which was highly unspecific (Supp. SF1. Fig. 2).

724
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735
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15

737  SF1. Fig. 2. — Western blot of histone specific antibodies on total protein content of Aiptasia.
738  Histone proteins lie in a range of 15-20kDa in size.

739

740  These results indicated that effective ChIP could only be expected from 4 out 5 antibodies.
741  However, due to the sensitivity of the ChIP protocol, the final validation of the ChIP protocol only
742 occurs one sequenced data is analyzed.

743

744

745  ChIP-Seq protocol

746  Most ChIP protocols are conducted using individually optimized buffers, depending on the type
747  of cells under investigation. Further research into custom buffers versus kits revealed that the
748  customized steps mostly occur primarily prior to the immunoprecipitation (IP). After antibody
749  incubation, wash and clean up steps follow similar principles across protocols; three washes with
750  increasing salinity followed by DNA clean up and elution. In hopes of streamlining future attempts
751  at ChIP-seq in other cnidarians, especially corals, we opted to optimize pre-IP steps to the point

752 that kits could be confidently used thereafter. The optimization steps described here are based on
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protocols provided by Valerio Orlando Lab (King Abdullah University of Science and
Technology, Saudi Arabia) and Moussa Benhamed Lab (Universite Paris-Saclay, France). After

lab optimization steps were established the final protocol was executed.

Optimization of protocol
Pre-1P Buffers

Trial and optimization resulted in two pre-IP buffers being used: the fixation buffer and nucleic

preparation buffer. The buffers were adapted from pers. comms. Valerio Orlando and Schwaiger

et al. (2014), respectively.

Fixation buffer

Nucleic preparation buffer

Chemical Final concentration
1M Hepes-KOH 7.5 pH 50mM
5M NaCl 100mM
0.5M EDTA ImM
0.5M EGTA 0.5mM
37% Formaldehyde 1%
Add dH>O to fill volume

Chemical Final Concentration
1M Hepes-KOH 7.5 pH 50mM
SM NaCl 140mM
0.5M EDTA ImM
50% Glycerol 10%
10% Triton 100X 0.25%
100X PIC 1X
Add dH>O to fill volume
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770  Sonication time

771  ChIP-seq requires fragment sizes between 100-600 bp. Ideally, shearing fixed histone-DNA should
772 result in around 200-300bp, since one nucleosome packs around 220-250 bp. Because different
773 types of tissue may behave differently during sonication, it’s important to test the efficiency of
774  time series. We determined that, with 1% formaldehyde fixation for 15 minutes, the optimum
775  sonication time was 15 cycles (15 sec ON, minimum 30 sec cooling) to ensure fragmentation to
776 200-500 bp.

777

778  ChIP-Seq protocol

779  We used the Zymo-Spin ChIP Kit (Zymo Research, Irvine, CA) to conduct histone bound
780  chromatin extraction, with minor adjustments to the manufacturer’s protocol. The experiment was
781  conducted on three biological replicates, each consisting of two symbiotic anemones. The

782  following is a detailed explanation of pre-IP steps modified and adjusted for Aiptasia (Supp. SF1.

783  Fig 3):

784

785 1. Anemones were spun down and excess water was removed, followed by a quick rinse
786 in 1x PBST (phosphate-buffered saline with 0.1% triton).

787 2. Anemones were fixed in formaldehyde buffer containing 1% FA for 15 minutes at room
788 temperature

789 3. Fixation was stopped by adding 1/20 of the volume 2.5M glycine

790  All following steps until elution of DNA should be conducted on ice

791 4. Remove solution and wash anemones in cold 1x PBS

792 5. Suspend anemones in Nucleic preparation buffer and transfer into a douncer for
793 homogenization. Two anemones were crushed at the same time to produce one
794 biological replicate

795 6. Transfer homogenized tissue into eppendorf and spin for Smin at 500g to collect
796 cellular debri and larger fragments at the bottom of the tube

797 7. Take the supernatant and transfer to a clean eppendorf.

798 8. Spin down and collect nuclei in 4°C at 2000g for 10min

799 9. Resuspend nuclei in Chromatin shearing buffer provided in the kit.
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800 10. Take a sample of your nuclei and dry on glass slide with DAPI staining. Confirm the
801 presence of intact nuclei under the microscope.

802 11. Sonicate remaining sample for 15 cycles (15 sec ON, 30 sec cooling).

803 12. Proceed with IP, wash and elute as described in manufacturer’s protocol.

804

805 A corresponding input control was maintained for each of the three biological replicates generated.
806 DNA fragment quality and quantity were confirmed using High Sensitivity DNA Reagents
807  (Agilent Technologies, California, United States) on a bioanalyzer. Upon fragment DNA and
808  fragment size validation, ChIP libraries were constructed using NEBNext ChIP-Seq Library Prep
809  Master Mix Set (NEB, Ipswich, MA).
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813 SF1. Fig. 3. - Schematic representation of ChIP-seq protocol using Aiptasia. Detailed
814  description of each step can be found in section II1.2.2.2. Only step 1 to 3 were customized for
815  Aiptasia; step 4 to 5 were conducted as per manufacturer’s protocol.

816
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