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Histone PTM distributions and histone modifiers in Oikopleura dioica 
 

Histone acetylations 

Histone acetylations are generally associated with open chromatin and positively 

influence transcriptional activity by changing the accessibility of protein complexes. 

This role can also be attributed to Oikopleura dioica acetylated histones in the ovary, 

where pan-histone 4 acetylation matches mostly the pattern of both H3K18 and 

H3K27 acetylations and tightly correlates with RNAPII distribution (Additional file 2: 

Figs. S2A,B,C, S8 and S12). This marked active genes with a peak at their 

promoters. In the testis, however, histone H4ac preferentially associated to genes 

with GC-rich promoters (HGPs), both active and silent, but was also enriched on 

active genes on the male X-chromosome (Additional file 2: Fig. S2B,C). In addition, 

H4ac in the testis did not correlate with RNAPII (Fig. S8 and S12).  

We searched for homologs of human histone modifier proteins and validated 

these using InParanoid [1]. Further, we extracted gene expression values for these 

homologs from a previously published transcriptomic data set [2] (Additional file 3: 

Table S6). Curiously, the conserved histone acetyltransferase GCN5/PCAF, a key 

component of coactivator SAGA (Spt-Ada-Gcn5-acetyltransferase) and ATAC 

(Ada2a-containing complex) complexes [3]	were not identified in the O. dioica 

genome. [3]HAT1, an H4 histone acetyltransferase and key regulator of DNA repair 

by homologous recombination [4] was also not detected in the genome. This may 

relate to the reduced DNA repair toolkit and absence of gamma H2A.X histone 

variant in this species [5,6]. The catalytical component, Myst1/MOF1, of MSL and 
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NSL complexes, which are general regulators of gene expression, but also crucial for 

H4ac at the onset of Drosophila dosage compensation of the male X-chromosome, 

and DNA damage response in both mammalian cell and Drosophila [7–10], was 

ubiquitously expressed during O. dioica development. Myst2/HBO1, which mediates 

H4ac for replication origin licensing [11], was highly expressed in the ovary and other 

endocycling stages indicating that this function may be conserved in O. dioica (Fig. 5; 

Additional file 3: Table S6).	

Both H3K18ac and H3K27ac were positively correlated to promoter and gene 

activity in both samples. They marked larger proportions of the epigenome in the 

testis (Fig. 1), being enriched at actively transcribed genes (Additional file 2: Fig. S2) 

although the chromatin state analysis also revealed silent genes bearing H3 

acetylations in promoters. According to previously published expression data [2], 

basic transcriptional machinery- and enhancer-related ubiquitous histone 

acetyltransferases, ELP3, CBP and p300, responsible for these PTMs, were all 

ubiquitously expressed throughout O. dioica development, and in both ovaries and 

testes. In this study, we have collated and summarized the raw data available in the 

cited work, for these, and other histone modifiers, in Fig. 5 and Additional file 3: Table 

S6.  

 

H3K4 methylations 

During transcription, H3K4 methyltransferases associate with the Set1/COMPASS 

complex and promote H3K4 methylation via interaction with elongating RNAPII 

[12,13]. O. dioica has at least three proteins carrying the Set1/Trithorax-type SET 

domain, namely Setd1, the major “global” H3K4 di- and tri- methyltransferase 

common in metazoans and 2 MLL-like (Drosophila Trx/Trr) proteins. However, a 

homolog of MLL1 and another Trx protein, Ash1, which cooperates for the 

maintenance of homeotic gene expression in response to retinoic acid (RA) during 

embryonic development in worm, fly and human, has not been identified in the O. 
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dioica genome. This is consistent with loss of the mechanism of RA signalling in O. 

dioica that otherwise operates during chordate development [14]. Interestingly, Setd1 

(paralog of SETD1B) was expressed as a male-specific splice variant lacking the 

SET domain. Further, there is a testis-specific H3K4- and H3K36- tri-

methyltransferase in O. dioica homologous to human PRDM9, reported to mark 

crossover hotspots during meiotic recombination in mammals [15,16], that is also 

involved in transgenerational inheritance in the male germ line [17]. 	

H3K4me1 was not very abundant in O. dioica gonads (Fig. 1) but was slightly 

more enriched on active genes of the X-chromosome (Additional file 2: Fig. S2C). In 

contrast, H3K4 di-methylation was strongly associated with gene activation and 

progressively declined towards the ends of active genes. We observed strong 

enrichment of H3K4me2 on all low-GC (LGP) and expressed high-GC promoters 

(HGP) in the ovary. In contrast, silent HGP promoters were depleted for this mark 

(Additional file 2: Fig. S2B). The difference between H3K4me2 on HGP and LGP was 

not as apparent in the testis. H3K4me3 is a histone PTM defining promoters and its 

ChIP signal peaks around the TSS of actively expressed genes in all eukaryotes 

examined to date [18,19] (Table 1). Similarly, a large proportion of active O. dioica 

promoters was enriched in H3K4me3. In active operons in the ovary H3K4me3 peaks 

were only detected at the promoter of the most 5` gene and not ahead of the internal 

operon cistrons. The H3K4me3 peak was apparent on both expressed and silent 

LGP and generally depleted from HGP in the testis (Additional file 2: Fig. S2B). 

Testis Y-chromosomal regions, generally transcriptionally silent, were also broadly 

enriched with H3K4me3 (Fig. 1; Additional file 2: Fig. S2D). 

 

H3K9 methylations 

Plotting H3K9me1 and H3K9me2 distributions revealed differences between ovary 

and testes samples and the sex chromosomes. Mono-methylation was associated 

with active promoters and gene bodies in the ovary, but was depleted on these in the 
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testis autosomal regions. Instead it was deposited on promoters of X-chromosomal 

genes in particular (Additional file 2: Fig. S2C). EHMT1 and 2 (Glp1 and G9a 

respectively) that act in a heterodimeric complex mainly as H3K9 mono- and di-

methyltransferases for euchromatin [20], belonged to the ovary-specific group of 

histone modifiers (Fig. 5). 	

H3K9me3 is a proxy for identifying heterochromatic domains that are key for 

gene regulation, genome organization, genome stability and chromosome 

inheritance. It creates an interaction site for HP1 and is deposited by Suv39H1,2 and 

Setdb1 which belong to the complex found to interact with the mono- and di-

methyltransferases EHMT1 and 2 [21]. Suv39H1 was ubiquitously expressed in O. 

dioica, whereas the other two, Suv39H2 and Setdb1 were silent in the testis, but 

abundant in the ovary (Fig. 5, Additional file 3: Table S6). Despite the presence of 

only one DNA (and/or RNA) methyltransferase (DNMT2) in O. dioica, H3K9me3 was 

strongly correlated with methylated DNA in the testis. This is well established from 

other organisms with high levels of DNA methylation and full DNMT toolkits, and is 

due to the interaction of the histone methyltransferase complex with both de novo 

and maintenance DNA methyltransferases [22]. Di- and tri-methylation of H3K9 were 

generally highly enriched in the testis, particularly on the Y-chromosome (Fig. 1), 

which represents a typical repressive mark of TE-rich genomic sequences (Fig. 2C). 

 

H3K27 methylations 

H3K27me1 enrichment patterns correlated with other transcription-related mono-

methylations (H3K36me1, H3K20me1, H3K79me1) at active intragenic regions in the 

ovary (Additional file 2: Fig. S8). We observed relatively weak enrichments of 

H3K27me1 in the testis. In accordance to its profile in C. elegans [23], H3K27me1 

was more enriched on the male X-chromosome in contrast to its relatively higher 

enrichment on autosomes in the ovary, whereas H3K27me3 was more abundant on 

X-chromosome in both sexes (Additional file 2: Fig. S2C). H3K27me1 clustered with 



	

5	
	

H3K36me3 and H3K27me3 in the testis correlation heatmap (Additional File 2: Fig. 

S8). This resembles findings that PRC2-deposited H3K27me1 accumulates within 

transcribed genes and is regulated by H3K36me3 deposition as the first step towards 

epigenetic memory of cell-type specific gene expression states [24]. H3K27me3 is 

deposited by the PRC2 complex which provides cellular memory of repressed states 

of developmentally regulated genes [25]. In O. dioica, the repressive function is 

conserved and H3K27me3 accumulates on the X chromosome in both ovary and 

testes, suggesting a role in female X dosage compensation (Additional file 2: Fig. 

S2C). Catalytic subunits (EZH1) of PRC2 and 2 paralogs of mammalian di- and tri- 

methyltransferases of mono-methylated K27 were highly expressed in the ovary and 

only EZH2 was weakly expressed in the testis (Fig. 5; Additional file 3: Table S6).  

 

H3K36 methylations 

H3K36 methylations are typically coupled to transcriptional elongation and have roles 

in transcriptional termination and early RNA processing. H3K36me is distributed over 

gene bodies with a progressive shift from mono- to tri-methylation of H3K36 between 

the promoters and 3′ ends of genes [26]. Mono-methylation only weakly correlates 

with transcriptional elongation and exhibits preference for genes with CpG-island 

promoters in mammalian cells [27,28]. These characteristics fit the distribution of 

H3K36me1 in O. dioica, which shows relatively low enrichment overall, shifted 

towards the 5’ of genes, with peaks predominantly at active HGPs (Additional file 2: 

Fig. S2B). This is also reflected in the 50-state model, where H3K36me1-enriched 

states 38 and 39 appear specific for TF, ZF and HD genes (Additional file 2: Fig. S5).	

High enrichments of H3K36me2 were detected on actively transcribed O. dioica 

genes with large continuous blocks covering gene bodies and correlating with 

RNAPII occupancy. In metazoans, H3K36me2 is uniformly distributed across 

transcribed genes and it is the most frequent histone mark in the O. dioica ovary 

sample: the ChIP enriched regions cover about 30% of the genome (Fig. 1). This 
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mark correlated with H3K36me3 (Additional file 2: Figs. S8 and S12) with higher 

enrichment at SL-genes that tend to occur in operons (Additional file 2: Fig. S2A). 

Mono- and di-methylations are deposited by the NSD-1 methyltransferase, 

independently from SETD2-deposited H3K36me3. Interestingly, another H3K36-

methyltransferase NSD-1 was expressed in both ovary and testis, whereas SETD2 

was silent in the testis (Fig. 5, Additional file 3: Table S6). Another alternative to 

substitute SETD2 in its histone methyltransferase activity is PRDM9, with recently 

confirmed specificity towards both H3K4me3 and H3K36me3 [16]. Intriguingly, 

H3K36me3-marked silent genomic regions were frequently found on the Y-

chromosome in combination with H3K4me3 and heterochromatic marks (Additional 

file 2: Figs. S2C, S8 and S12). 	

 

H3K79 and H4K20 methylations 

Methylations of H3K79me and H4K20me are known to be involved in cell cycle 

regulation as well as heterochromatin formation [29,30]. There was generally low 

enrichment of methylations on these residues in genic regions of the testis. This was 

not related to transcriptional activity and may be a consequence of asynchronous 

mitotic cell cycling in this tissue, as such a distribution is similar to what has been 

previously reported [31]. In the actively transcribing, endocycling ovary, however, 

H3K79me1 associated with active transcription, in agreement with studies on CD4+ 

cells [32,33]. Unlike the CD4+ model system, there was no dependence in O. dioica 

on the GC-content of target gene promoters (Additional file 2: Fig. S2B). H3K79me3 I 

s found at silent telomeric and centromeric regions but is also enriched on 

transcribed regions, independent of transcription level, in S. cerevisiae [34], C. 

elegans [23] and human cells [33,35]. It is deposited in a non-processive manner as 

a consequence of Dot1 (the sole H3K79 methyltransferase) association with the 

elongation complex [36]. It modulates the level of RNAPII transcription on essential 

ubiquitously expressed genes and contributes to RNAPII pausing on essential genes 
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during development and stress response [37,38]. This mark has also been proposed 

to provide the cell with a timer mechanism to couple cell-cycle length to changes in 

chromatin [39]. In O. dioica testis and ovary, ChIP distributions around gene starts 

and ends show mild H3K79me3 association with silent genes in the testis versus 

relatively highly enriched with no preference towards active or silent regions in the 

ovary (Additional file 2: Fig. S2). Dot1 was expressed ubiquitously, both in the testes 

and ovary (Fig. 5, Additional file 3: Table S6). 

H4K20me1 represses a subset of mammalian genes [40] and marks the human 

Xist-expressing X chromosome in ES cells [41]. In C. elegans the dosage 

compensation complex (DCC) controls higher H4K20me1, versus lower H4K20me3 

and H4ac levels, on the X chromosomes of XX hermaphrodites relative to 

autosomes, as a part of the two-fold repression of X-linked genes [42,43]. Other 

studies correlate this mark with active transcription [31,32]. H4K20me1 distribution in 

O. dioica highly correlated with H3K79me1 in the ovary (Additional file 2: Fig. S8) and 

was enriched on active genes with no dependence on sex chromosome location. 

SETD8, the sole enzyme essential for H4K20 mono-methylation, is cell cycle 

regulated. It is implicated in chromosome condensation during mitosis, is required for 

proper cytokinesis [44], and has a role in replication origin licensing for replication 

complex loading [45]. Another role is to regulate RNAPII pausing by controlling 

H4K16Ac and H4K20me3 deposition by Suv420H2 [46]. The O. dioica homolog of 

SETD8 is expressed in both ovary and testis. The other H4K20 methyltransferases 

Suv420H1 and 2 are both expressed in the ovary, whereas in testis, Suv420H2 is 

weakly expressed and the di-methylating counterpart, Suv420H1, is silent (Fig. 5, 

Additional file 3: Table S6). H4K20me3 is a histone PTM associated with 

transcription inhibition, located typically in centromeres, telomeres and other 

constitutive heterochromatin [47]. This PTM likely marks constitutive heterochromatin 

in O. dioica as H4K20me3 distributions correlate tightly to H3K9me3 in both tissues.  
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H3S28P 

H3S28P, another key epigenetic player in cell cycle control with links to chromatin 

condensation during mitosis and meiosis, was distributed differently in O. dioica 

ovary and testis. We observed low-enriched broad regions, overlapping both silent 

and actively transcribed gene bodies and correlated to H3K27me3 and H3K4me1 in 

the ovary (Additional file 2: Figs. S8, S11 and S12). Enrichment in both active and 

silent regions was higher on the X-chromosome in testes (Additional file 2: Fig. S2C) 

and showed frequent coincidence with CTCF and p300 (Additional file 2: Fig. S8). 

Recent data support H3S28P promoting Polycomb-mediated gene silencing [48]. 

There is also evidence of a role in gene activation via stress-induced phosphorylation 

at S28 by MSK1/2 to reduce association of histone deacetylases and locally increase 

histone acetylation [49]. The two O. dioica MSK paralogs were ubiquitously 

expressed. In yeast and metazoa, histone H3 S10 and S28 are temporarily 

phosphorylated by Aurora B kinase during mitotic chromatin condensation. This also 

occurs in O. dioica during the mitotic cell cycle mode in early development and in the 

testis. Interestingly, the PP1-alpha catalytic subunit is duplicated in O. dioica with one 

testis-specific paralog (Fig. 5, Additional file 3: Table S6). 

In summary, the distributions and expression patterns of the histone modifiers in 

the ovary and testis of O. dioica reflect different requirements in the mitotic versus 

endocycling tissues that may prioritize specific subsets of their multiple functions. 

 

E2F1 and E2F7 binding sites 

E2F activator and repressor transcription factors are known to antagonize each other 

by oppositely regulating an overlapping set of genes [50]. To explore such relations 

in O. dioica, we measured their degree of overlap. ChIP enriched regions (chers) of 

the activator E2F1 and repressor E2F7 showed high (45% as maximum) spatial and 

temporal co-localization (not shown). This indicates that there is indeed a high 

degree of overlap between the genomic regions bound and the sets of genes 
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regulated. Among genes that were targets of both TFs within one tissue, a significant 

overrepresentation of genes whose biological processes were associated to DNA 

replication and nucleotide metabolism was found. Other prominent overrepresented 

groups of GO terms among these genes were related with cell cycle regulation and 

progression, formation of protein-DNA complexes (with TFs overrepresented among 

these) and processes related with development of adult traits.  

	

The 50-state chromatin model resolves additional features  

In addition to the 15-state model we generated a 50-state model learned from pooled 

ovarian and testis histone PTM data (Additional file 2: Fig. S5). Some of the states 

from the 15-state model were resolved into multiple sub-states (Additional file 3: 

Table S5) and differentiated between silent versus active groups of genes. For 

example states 29-32 (state 8 in the 15-state model) showed that only state 32 marks 

silent genes and that states 29 and 30 were located as double peaks around TSS of 

distinct subgroups of genes. Similarly, states 15-20 (state 11 in the 15-state model) 

were resolved between state 18 with H3K4me3 downstream of transposable element 

TSSs, state 19, frequent on the Y-chromosome and state 20 as a non-transposable 

element repressive state. Expansion of the number of states was also helpful in 

better definition of developmental gene signatures. H4ac was frequently associated 

with developmental genes that were silent in the testis. Also in the testis, state 14 

included H4K20me1 on the promoters of silent genes coding for TFs, HDs and ZFs. 

Finally, state 50 represents a number of testis-specific H3S28P, CTCF and p300 

enriched regions, most frequently occurring on the X-chromosome. 
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