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The PWWP domain and the evolution
of unique DNA methylation
toolkits in Hymenoptera

Robert Kucharski,1 Nancy Ellis,2 Tomasz P. Jurkowski,3 Paul J. Hurd,2,* and Ryszard Maleszka1,4,*

SUMMARY

DNMT3 inHymenoptera has a uniqueduplication of the essential PWWPdomain.UsingGST-taggedPWWP
fusion proteins and histone arrays we show that these domains have gained new properties and represent
the first case of PWWP domains binding to H3K27 chromatin modifications, including H3K27me3, a key
modification that is important during development. Phylogenetic analyses of 107 genomes indicate that
the duplicated PWWP domains separated into two sister clades, and their distinct binding capacities are
supported by 3Dmodeling. Other features of this unique DNAmethylation system include variable copies,
losses, and duplications of DNMT1 and DNMT3, and combinatorial generations of DNMT3 isoforms
including variants missing the catalytic domain. Some of these losses and duplications of are found only
in parasitic wasps. We discuss our findings in the context of the crosstalk between DNA methylation and
histone methylation, and the expanded potential of epigenomic modifications in Hymenoptera to drive
evolutionary novelties.

INTRODUCTION

Our long-term goal is to understand the genesis of gene regulatory networks whose divergence in different phyla generates the potential for

evolutionary novelties. Recent progress in delineating the role of epigenetic mechanisms in controlling global gene expression has already

provided important clues to the potential of DNA methylation and histone modifications to act as prime movers in adaptability and

diversification.1–4

DNAmethylation is one of the several epigenomic modifications that have been implicated in various cellular and organismal functions in

both vertebrates and invertebrates.5–9 It is a complex highly dynamic process that relies upon DNAmethyltransferases (DNMTs), which by re-

cruiting other regulatory proteins and affecting the activities of transcription factorsmodulate gene expression.10,11 Although at the sequence

level, the proteins required for this process are broadly conserved across the animal kingdom, the apparent diversity of their copy number and

domain structure suggests that their present roles are lineage-specific and reflect adaptive events in individual evolutionary histories.12

Vertebrates have two types of well characterized DNA methyltransferases, one DNMT1 and three DNMT3s. DNMT1 is a post replication

maintenance enzyme involved in the addition of methyl groups to the 5-position of cytosine, largely in CpG dinucleotides. It ensures that the

methylation status of DNA is accurately copied on the newly synthesizedDNA strand. DNMT3 is the so calledde novoDNAmethyltransferase

which adds methyl marks to unmethylated genomic targets.13,14 However, this catalytic distinction is fluid, and recent data in mammals show

that cooperation between DNMTs is needed for themaintenance and de novoDNAmethylation.15 Moreover, one of the DNMT3 paralogs in

mammals (DNMT3L) has no catalytic activity and acts as an accessory protein.13,15 Based strictly on sequence similarity, relatives of DNMT1

and DNMT3 have been found in insects, but their taxon-specific distribution is distinct from that in mammals, with some insects having both

DNMTs and the others only one copy of DNMT1 and no DNMT3.16–18 Although some earlier assumptions that DNMTs in social insects are

mechanistically similar to their vertebrate counterparts,19,20 the mosaic distribution of DNMT paralogs, and a very low level of genomic

methylation mostly restricted to coding regions of conserved genes suggest that this level of genomic modifications is not only different

from that in mammals, but also is driven by lineage-specific mechanisms rather than by a universal invertebrate-type enzymology.3,16–18,21

Recently, we have observed that in the honeybee, Apis mellifera, DNMT3 has an unusual domain architecture comprising a duplicated

PWWP domain.21 In mammals, the PWWP domain acts as a chromatin methylation reader by simultaneously binding DNA and histone

methyl-lysines within the context of the nucleosome, and is essential for targeting enzymes that catalyze thesemarks to appropriate genomic

sites.22 In mammals, the PWWP domain specifically recognizes H3K36me3, suggesting a functional role for this domain as a H3K36me3

sensor.22 Mutations in this domain are associated with altered genomic DNA methylation profiles and human disease.23,24 This connection
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between two primary epigenomic marks is responsible for mediating much of the crosstalk between DNA methylation and modified

histones.25,26 The patterns of DNA and histone modifications are combinatorial, and are driven by domain architecture of both DNMTs

and histone modifying proteins, as well as their accessory proteins. The intricate interactions of chromatin-binding proteins and epigenomic

marks create a network of sophisticated interactions that control gene expression by activating or restricting the transcriptional potential of

genomic regions.25 To date only a couple of studies on this important interaction have been conducted in insects, confirming that DNA

methylation and histone modifications are two components of a complex multilayer regulatory network.27–29

Given the pivotal role of the PWWP domain and the apparent uniqueness of this duplication in the animal Kingdom, we hypothesize that

such a structural change in DNMT3 is an original invention specific to this taxon that modulates the selectivity of DNA methylation system in

Hymenoptera. To this end we explored over one hundred Hymenopteran genomes deposited to NCBI to compare their DNA methylation

toolkits with the focus onDNMTs inHymenoptera (sawflies, wasps, ants, andbees). Although the copy number of DNMTs is variable, the dupli-

catedPWWPdomain appears tobea unifying signatureof all DNMT3s in this order. Theduplicateddomains havediversifiedearly in theevolu-

tionary history of Hymenoptera and phylogenetically can be separated into two sister clades. Importantly, we show that the duplicated PWWP

domains have gained novel binding capacity for H3K27. Here we describe the methylation toolkit in Hymenoptera as the most conspicuous

exampleof a remarkable diversity of this important epigenomicmodification anddebate its functional implications in theevolutionary context.

RESULTS

Widespread diversity of the epigenetic toolkits in Hymenoptera

We have analyzed 107 Hymenopteran genomes representing 33 families, 74 subfamilies and 95 genera available in GenBank with the last

check for new entries done in April 2022. Table 1 shows the DNMT1 and DNMT3 gene number in the analyzed taxa. All analyzed species

and more details are provided in Table S1. In most families the number of genes encoding DNMT1 varies from one to three, but in some

species this gene is missing. The gene encoding DNMT3 is single copy except for a few genera such as Polistes in subfamily Polistinae

that lost this gene (see also ref.30), and one familyDryinidae that has a rare duplication of DNMT3, so far not reported in other insects. Among

the six arrangements uncovered in this study, the most common, consisting of two paralogs of DNMT1 and one copy encoding DNMT3 is

Table 1. Variable copy number of DNMTs in the Hymenopteran order

Number of genes

Taxon

PWWP

Duplication

TET one

gene

Histone methylation readers with the PWWP domain

DNMT1 DNMT3

ZCWPW1 zinc

finger CW-type

ZMYND11 zinc

finger MYND-type

2 1 Most common complement of

DNMTs found in the large

superfamily of Apoidea, a small

superfamily of Pompiloidea,

and in a few families belonging

to Chalcidoidea (Agaonidae,

Aphelinidae, Encyrtidae,

Eupelmidae, Eurytomidae,

Mymaridae, Ormyridae)

Yes Yes Missing in some Aculeata

(e.g., in 50% of ants) and

in Chalcidoidea, Braconidae

and Symphyta.

Duplicated in Cynipoidea

Missing in some Apoidea

and in all Chalcidoidea

except Mymaridae (fairyflies)

1 1 Formicoidea (ants) except

three Leptanilla species that

lost DNMT3, superfamily

Vespoidea, except the

Polistinae subfamily that has

no DNMT3

Yes Yes

3 1 Three wasp Chalcidoidea

families: Megastigmidae,

Torymidae and Pteromalinae

(subfamily)

Yes Yes

2 2 Only one family Dryinidae

(parasitic wasps) has this

complement of DNMTs

Yes Yes

1 0 These two contrasting

complements of DNMTs are

found in Braconid parasitoid

wasps (Braconidae)

Yes** Yes

0 1
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found in the large superfamily of Apoidea (bees), in a small superfamily of Pompiloidea (includes velvet ants and spider wasps), and in a few

families belonging toChalcidoidea (mostly parasitoid wasps) (Table 1). Formicoidea (ants) have one copy of each DNMT except the subfamily

Leptanillinae. Braconid wasps can be divided into two contrasting groups, having either one DNMT1 or one DNMT3 and missing the other

DNMT. The loss of DNMT1 in Braconidae is unusual especially among insects wheremost lineages have a single DNMT1 gene.16,18,31 Indeed,

wasps appear to have the most diverged DNA methylation toolkit.

Table 1 also includes two histone methylation readers with the PWWP domain ZCWPW1 and ZMYND11. These two readers are among 75

highly conserved proteins involved in writing, reading and erasing epigenomicmarks on histones that we have identified in Hymenoptera, but

are the two members of this epi-kit missing in some families (Table S2). In one family Cynipoidea that lost DNMT3, there are two copies of

ZCWPW1.

The duplicated PWWP domain is present in all Hymenopteran species that have DNMT3. However, the phylogenetic tree shows that the

PWWP1 and PWWP2domains separated into two sister clades early in the evolution of this order (Figure S1 based on alignments in Figure S4).

This result suggests that DNMT3s associated with these two clades may have different binding properties (Figures 1 and 3). In total, there are

11 proteins with the PWWP domain in the honeybee genome in comparison to more than 20 in mammals.22

In addition, we show that a single copy gene encoding a relative of mammalian TETs (ten-eleven translocation methyl-cytosine dioxyge-

nases) is found in all analyzed species regardless of the number of DNMTgenes.While there is some evidence that such as inmammals, TET in

honeybees is involved in demethylation by converting 5-methyl-cytosine to 5-hydroxyl-cytosine, it also might perform other regulatory func-

tions similar to those shown in mammals.32,33

In attempting to align the bioinformatics and molecular results with the evolutionary history, we have contrasted DNMT-related innova-

tions with a recent andmost detailed phylogenetic tree of Hymenoptera.34 This analysis suggests that DNMT losses, or duplications occurred

independently in several lineages, whereas the loss of introns in DNMT3 is found in parasitic wasps, and in one species of willow-galling

sawflies, Euura lappo (Tenthredinidae). The DNMT-related changes are most frequent in parasitic wasps. One extra exon in DNMT3 is found

only in the superfamily of sawflies (Tenthredinoidea). The non-canonical 50 splice sequence GC in DNMT3 intron 3 appears to be restricted to

several subfamilies of Apoidea. In addition, the unusual distribution of DNMTs in Braconidae (Table 1) can be resolved by assigning the

DNMT1�/DNMT3+ situation to subfamily Cyclostomes s.l., and the DNMT1+/DNMT3� situation to do Non-Cyclostomes using phylogeny

of Ichneumonoidea in ref.35

Figure 1. Apis mellifera DNMT3 PWWP1 and PWWP 2 domains have contrasting histone modification binding preferences

Quantification of binding of GST-PWWP1 andGST-PWWP2 toMODified histone peptide arrays using anti-GST antibody. Raw spot intensities were normalized to

the highest spot signal intensity (=1). For PWWP1 the highest spot intensity is H3K36me2 and for PWWP2 the highest intensity spot is H3K27me2. Bar plots

represent the mean of normalized raw spot signal intensities from the left and right-side replicates of the MODified histone peptide arrays. Error bars show

one standard deviation.

(A) GST-PWWP1 binding specificity to histone H3 amino acids 16–35.

(B) GST-PWWP2 binding specificity to histone H3 amino acids 16–35.

(C) GST-PWWP1 binding specificity to histone H3 amino acids 26–45.

(D) GST-PWWP2 binding specificity to histone H3 amino acids 26–45. The GST purification of the PWWP domains is shown in Figure S7.
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A. mellifera DNMT3 PWWP1 and PWWP2 domains have novel and contrasting histone binding preferences

The PWWP domains of mammalian DNMT3A and DNMT3B have previously been reported to bind H3K36me2 and H3K36me326,36 and mu-

tations in these domains are associated with altered genomic DNA methylation profiles and human disease.23,37,38 Protein alignment of

Apis mellifera PWWP1 and PWWP2 with mouse and human DNMT3A and DNMT3B PWWP domains reveals that sequence identity between

mammalianPWWPandA.melliferaPWWP1andPWWP2 is 33%and40%, respectively (FigureS8). ThePWWP1domain showsmoredifferences

in the region of the aromatic cage involved directly in histone binding. Therefore, to determine the histone binding preferences of honeybee

PWWP domains, we used MODified histone peptide arrays containing 384 unique histone post-translational modification combinations.

The PWWP1andPWWP2domains ofA.melliferaDNMT3 showhighest affinity for H3K27me2 andH3K27me3modifiedpeptides (Figure 1).

For PWWP1, there is approximately a 5-fold increase in binding to H3K27me2 and a 3-fold increase in binding to H3K27me3, compared to the

corresponding unmodified peptide (Figure 1A). For PWWP2, there is approximately a 3-fold increase in binding to both H3K27me2 and

H3K27me3 modified peptides compared to unmodified (Figure 1B). Significantly, for both PWWP1 and PWWP2, binding to H3K27me2/

me3 is ablated by the phosphorylation of neighboring H3S28 (see Figures 1A and 1B). PWWP1 also shows affinity to H3K36me2, with approx-

imately a 30% increase in binding compared to the corresponding unmodified peptide (Figure 1C). In contrast, PWWP2 shows no significant

binding above background (H3 26–45 unmodified peptide) to H3K36modified peptides (Figure 1D). Taken together, the two PWWPdomains

of Apis mellifera have contrasting histone modification binding preferences and furthermore, are the first examples of PWWP domains

binding to H3K27 chromatin modifications.

Alternative splicing generates multiple isoforms affecting the functional domains in Hymenoptera DNMT3s

The DNMT3 transcription unit in Hymenoptera ranges from �12kb in A. mellifera to over 100kb in some ant species, with multiple exons en-

coding four conserved domains, two PWWPdomains, the ADDz domain and the catalytic domainMTase14 (Figure 2). InA.mellifera this gene

has 20 exons and belongs to the category of methylated genes with all methyl-cytosines confined to a repeat-rich region between exons 15

and 16. A predicted nuclear localization signal is located near the N-terminus of the protein.39 Given the potential of this multiexon gene to

generate alternatively spliced variants, we explored both our own and publicly available transcriptomes to determine the extent of DNMT3

protein repertoire. While alternative splicing (AS) is a ubiquitous mechanism utilized in all tissues throughout the entire life cycle, the highest

level of splice variants is found in the nervous system.40 Thus, we have examined this process in more detail using the RNAseq datasets

A

B

Figure 2. A. mellifera DNMT3 gene structure and combinatorial generation of isoforms

(A) The Sashimi plot aligned with the currentA.melliferaDNMT3 gene (Linkage Group LG2; RefSeq accession: NC_037639.1). It shows quantitative comparison of

exon usage across three pooled samples from the honeybee pupal brains in diploid females (queens, workers) and haploid males (drone). The black lollipops

indicate the methylated CpG dinucleotides. In the latest A.mellifera genome assembly Amel_HAv3.1 this gene is located on chromosome 2 (LG2: 15,815,881-

15,827,940).

(B) Examples of alternatively spliced transcripts producing diverse isoforms including a combinatorial usage of the PWWP domain or missing the catalytic

domain. Our full analysis of combinatorial splicing patterns is shown in Table S3.
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available for theA. mellifera brains in all three phenotypic outcomes, two female castes queens and workers, and haploidmales (drones). The

results summarized in Figure 2 show the variety of DNMT3 splice variants in the pupal brains during an important stage of nervous system

metamorphosis.41 Our analysis reveals three gene regions affected by AS, the PWWP domains encoding exons, the 50-end (alternative tran-

scriptional start site), and the methylated intron.

The exons spanning the duplicated region retain the respective ORFs, but in addition to the dominant isoform with two PWWP domains

resulting from the splicing of exons 3-4-5, and 8-9-10, two chimeric isoforms with the PWWP domains combined into one unit can be pro-

duced, by splicing exons 3-4-10 or 3-9-10. The apparent duplication creates splicing sites very close to each other, and is likely to have an

impact on the functioning of the spliceosome/RNA pol II complex.42,43

The frequent usage of splicing sites in the Dexon4-6 variant affects the PWWP1 domain and generates transcripts with only the PWWP2

domain. The products with the exon4-5 deletion lack all functional domains. Proteins encoded by transcripts terminating in the methylated

intron 15 lose the MTase catalytic domain. Some of the MTase-minus variants have both PWWP domains and the ADDz domain, some have

only the PWWP1 domain, and the others have no identifiable functional domains (Figure 2; Table S3). The variants without the catalytic

domain resemble the mammalian isoforms that act as accessory proteins.44 The non-canonical 50 splice sequence of intron 3, involved in

AS events, is GC, so far found only in several subfamilies of Apoidea. The capacity of isoform generation may be reduced by intron loss

as seen in a highly diverse superfamily of parasitic wasps Ichneumonidea. All splice variants generating various isoforms affecting the dupli-

cated PWWP domains are predicted to modify the targeting of DNMT3s to specific chromatin regions through altered histone PTM binding.

Although the overall DNMT3 gene structure is similar across Hymenoptera, NCBI database searches reveal that in the superfamily of Ten-

thredinoidea there is an extra exon between exons 7 and 8 which is not included in the consensus model. The alternative ‘‘non-coding’’ exon

15A in Hymenopteramostly encodes 30UTR, in contrast to other insects in which exon 15A is spliced in and codes for part of the linker between

the ADDz and MTase domains. An additional exon between exons 11 and 12 is present in some insects (Table S3). Table S3 also shows exon

lengths consensus in analyzed lineages with lengths of the domains coding exons being more stable (or unchanging) than those coding for

linkers. These extra coding exons, in combination with variable exon lengths, change the sizes of linker polypeptides between the adjacent

domains, and they may be of special importance because of their potential impact on the DNMT3 function.

PWWP secondary structure

To determine if the distinctive binding capacities of the PWWP domains can be visualized via modeling of their secondary structures, we have

aligned the honeybee PWWPdomains 1 and 2 core sequences with humanDNMT3B (Figures 3A, S4, and S8). The residues throughwhich the

PWWP domain acts as a histone methyl-lysine reader form a conserved aromatic cage are denoted with the red rectangles.22,45 The Trp res-

idues 239 and 263, and Ser270 are conserved, whereas Asp266 and Ile233 are conserved only in PWWP2, but are replaced in PWWP1with Glu

and Cys respectively. The Phe236 residue is replaced with His in PWWP2 and shows a gap in PWWP1. Another important structural feature for

histone interactions is the b2�b3 loop that forms one of the walls of the binding pocket.22,45 This region is less conserved andmay be involved

in defining ligand binding specificity. Because the PWWP domain binds histones and DNA in separate regions, it can concurrently interact

withmethylated histone tails and nucleosomal DNA. Combinedbinding tomethylated histone tails andDNA leads to the specific recognition

of H3K36me3-containing nucleosomes in mammals. The aromatic cage is encoded by exons 1 and 2 that undergo extensive splicing gener-

ating variants affecting the PWWP diversity and consequently, the binding capacity of DNMT3. The aromatic cage of the PWWP domain 1

shows more sequence divergence that might indicate the source of a different specificity. The Ile233 residue is involved in binding preferen-

tially H3K36me3 via hydrophobic contacts surrounding the trimethylated lysine 36. In the the crystal structure of DNMT3B PWWP domain–

H3K36me3 complex Pro38 is involved in a hydrophobic contact with the side chain of Ile233.45 This residue is conserved in the PWWP2

domain, but has cysteine in the PWWP1 domain.

The 3D image (Figure 3B) was generated with the SwissModel server and the PWWP domain of mammalian Dnmt3b structure as template

(PDB accession: 1KHC). While this approach is relatively simple, it does show that the cage residues clearly differ between the PWWP1 and

PWWP2 domains. The 3D modeling confirms the evolutionary history of this duplication that suggests that PWWP1 and PWWP2 separated

early into two sister clades (Figure S1). In addition, their evolutionary rate appears to be faster than that of the catalytic domain, and more in

line with the ADDz domain (Figure 3C, also see Figures S1 and S2).

In Figure 4 we show additional evidence that following the duplication of the ancestral PWWP domain, the two derived PWWP domains

were under discrete evolutionary pressures that generated their binding distinctiveness. In most Hymenoptera, the PWWP1 and PWWP2

domains have different phylogenetic branch lengths representing amino acid substitutions per site. Interestingly, in one family of Chalcidoi-

dea these lengths are similar and have large values. Also, this family shows more pronounced changes in the ADDz domain relative to the

other families. This is an important example of the remarkable diversity of theDNAmethylation toolkits and their potential for lineage-specific

functionality.

DISCUSSION

Our analyses reveal a remarkable variability of the epigenetic proteome in Hymenoptera with great disparities in gene number encoding

DNMTs. Although previous studies already uncovered a pool of distinct DNA methylation toolkits in insects,16,21,34 finding such diversity

in one order is surprising. Several unique features of the epigenetic toolkit in such a vastly diverse order make this level of regulation partic-

ularly interesting from the mechanistic perspective and the potential for driving evolutionary innovations.

ll
OPEN ACCESS

iScience 26, 108193, November 17, 2023 5

iScience
Article



The high level of diversification of the DNAmethylation toolkit in Hymenoptera affects two important epigenomic modifiers, DNMT1 and

DNMT3, that includes losses, duplications, and structural modifications.Our seminal finding that these domains have a novel binding capacity

to recognize H3K27me is of great importance and brings into focus previously unknown targeting potential of the PWWP domain. Together

with combinatorial generations of protein isoforms, the duplicated PWWP domains in DNMT3 provide an additional level of flexibility for

setting up new interactions with other epigenomic modifiers and regulatory proteins. Interestingly, the PWWP sequence alignments suggest

that these duplicated domains diversified into two sister clades at early stages of Hymenopteran evolution, thus additionally enhancing the

potential of DNMT3 for molecular interactions. This notion is supported by 3D modeling showing that the cage residues, through which the

PWWP domain acts as a histone methyl-lysine reader, differ between the PWWP1 and PWWP2 domains. The aromatic cage of the PWWP2

domain showsmore sequence divergence thatmay indicate the source of a different specificity. In addition, their evolutionary rate appears to

be faster than that of the catalytic domain, and more in line with the ADDz domain.

Given this rare but crucial modification, the significance of the PWWP domain for the enzymological engine room of Hymenopteranmeth-

ylomics cannot be emphasized enough. The implications of such an evolutionary invention are best described by the expanded protein’s role

as ‘‘an element in a network of protein–protein interactions, in which it has a contextual or cellular function within functional modules.’’46 It is

expected that the phenotypic impact of DNMT3s in various families of Hymenoptera will be affected by their lineage-specific topological

position in the complex hierarchical web of molecular interactions.

The extensive generation of alternatively spliced DNMT3 variants in the honeybee is largely driven by the PWWP domains coding region

and might be a consequence of the duplicated splicing signals within this region.47 The usage of the non-coding methylated exon 15A con-

firms prior reports investigating the impact of DNA methylation on splicing.48–51 Most intriguing DNMT3 isoforms without the catalytic

domain resemble mammalian paralogs acting as accessory proteins. In mammals, the necessity of chromatin components for DNA methyl-

ation is well documented and de novoDNAmethylation by DNMT3A requires the alteration of chromatin structure.52 One determinant of this

process is the ability of accessory protein DNMT3L to bind the N-terminus of histone H3 tail with an unmethylated lysine 4.53 While the trans-

ferability of biological function above the protein sequence level for DNMTs is not straightforward, the expression of non-catalytic variants

suggests that these isoforms in Hymenoptera are counterparts of mammalian DNMT3L involved in governing DNA methylation. DNMT3L

contains FYVE zinc finger domain belonging to the same superfamily as ADDz. With the addition of the PWWP domain(s) the Hymenopteran

counterparts (i.e., MTase-less isoforms) may have additional functionality.

Genome-wide analyses and molecular data have already provided strong support for the role of alternative splicing in driving key evolu-

tionary innovations in brain development, phenotypic plasticity, adaptation, and species divergence (reviewed in54). The extent to which the

richness of alternatively spliced DNMT3 variants was a contributing factor to evolutionary innovations in Hymenoptera needs to be experi-

mentally examined by comparative genomics and transcriptomics of species within this order.

While the functionality DNMT3-PWWP in Hymenoptera is only beginning to be understood, some important ideas for future studies come

frommammalian studies. An interesting study on amousemutant carrying a point mutation in the DNMT3A PWWPdomain has shown that in

A

B C

Figure 3. Predicted 3D model of the honeybee PWWP domains

(A) Alignment of the A. mellifera PWWP domains with the corresponding region of the human DNMT3B isoform 1 (NP_008823.1). An expanded alignment is

shown in Figure S4.

(B) Predicted superimposed 3Dmodels of the PWWP1 and PWWP2 domains. The positions of cage residues occupying the turns between b1 and b2, and b3 and

b4 are indicated with a dotted oval.

(C) Evolutionary rate of amino acid substitutions in the PWWP, ADDz andMTase domains. Full alignments of the PWWP, ADDz andMTase domains are shows in

Figures S4–S6.
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addition to postnatal growth retardation this mutation causes hypermethylation across domains marked by H3K27me3 and bivalent chro-

matin.55 It is conceivable that the unique and more elaborate mode of reading histone modifications in Hymenoptera is associated with

the distribution of 5mCs in this taxon, which is predominantly found in exonic regions of conserved genes.48,56

Figure 4. Heatmap showing some interesting patterns in the PWWP domain evolution

In most Hymenopterans the PWWP1 and PWWP2 domains have different branch lengths representing amino acid substitutions per site, but in one family of

Chalcidoidea these lengths are similar and have large values. Also, this family showsmore pronounced changes in the ADDz domain relative to the other families.
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Besides Hymenoptera, there are other insect in families such as Coleoptera andOrthoptera that have a copy of DNMT3with the consensus

domain architecture, although some claims that aphids (Hemiptera) have a conservedDNMT357,58 need to be re-evaluated because the avail-

able NCBI data suggest that the DNMT3 hallmark domains, PWWP and ADDz are encoded by separate genes. In Acyrthosiphon pisum, the

PWWP-ADDZ domains are encoded by GenBank: XP_029348651.1, and the MTase domain by GenBank: XP_016662566.1, possibly exempli-

fyingyet anotherhighlydiverseDNAmethylation toolkit.Genesencodingonlya singleMTasedomainarealso found in somenematodes,12 and

togetherwith the aphidgenesmay represent an intriguing situation in theevolutionary history of these eukaryotic enzymes.59 Amonghundreds

of insectswith sequencedgenomesdeposited in theNCBI, themajority havea simplifiedDNAmethylation toolkit anduseonlyDNMT1 thathas

no PWWPandADDzdomains andmust interact differently withmodified histones. So far only a limited capacity of DNMT1 to direct readout of

theheterochromaticmarkH3K9me3by theRFTSdomain (replication focus targeting sequence) hasbeen shown.60Wealsonote that the lackof

DNA methylation enzymology is more widespread among insects than previously thought. In addition to Diptera21,61 and Strepsiptera62 that

lost DNAmethylation enzymology, we have found that two genomes of Chrysoperla carnea and Chrysopa pallens in the order of Neuroptera

(family Chrysopidae) do not encode proteins with sequence similarity to DNMT1 and DNMT3 (NCBI genome database).

While the proteome involved in histone modifications is highly conserved in Hymenoptera, two histone methylation readers with the

PWWP domain ZCWPW1 and ZMYND11 have been lost in some families, notably in�50% of ant species. Both proteins also have zinc finger

domains with topology resembling the PWWP-ADDz tandem in DNMT3s.

Our understanding of the phylogenetic relationships among all major lineages of Hymenoptera has been improved by a study in which

3,256 protein-coding genes in 173 species were used to explore the early history of these insects, as well as the origins and radiation of par-

asitoids, stinging wasps, and bees.34 At this stage only broad inferences can bemade to link the diversity of the epigeneticmachinery with the

evolutionary history of this insect order. Hymenoptera are easily distinguishable fromother insects, by two pairs ofmembranous wings (except

for some castes that are wingless), the ‘‘wasp waist’’ (except for sawflies), the larger forewings, that are kept together by hooks, and females

with hardened ovipositor. These morphological features can evolve using largely conserved pathways but what is actually used will be the

result of the evolutionary history of each genome.63 One example in Hymenoptera is gene reuse that facilitated rapid radiation and indepen-

dent adaptation to disparate habitats in the Asian honeybee Apis cerana.64 These authors provide evidence that the first, possibly regulatory

intron in the neuronal Leucokinin receptor gene was under repeated selection and conclude that gene reuse provides a simple solution to a

challenging process of foraging by modulating collective tendency for pollen/nectar collection as an adaptation to floral changes.64 In our

analyses, the most frequent occurrence of either losses or duplications of DNMT1, losses of DNMT3 and intron loss in DNMT3 are associated

with parasitoidwasps, a species-rich groupwith an astonishing biology including unusual ecology, life cycles and extrememiniaturization.65,66

In a recent study relevant to our findings, Romiguier and colleagues67 elucidate some aspects of the ants’ evolutionary history concerning

their phylogeny and the emergence of eusociality. They conclude that three functional gene categories, histone acetylation, gene silencing by

RNA, and autophagy are linked to the main aspects of complex eusociality. They highlight positive selection on histone acetyltransferase,

which previously has been linked to functions relevant to eusociality as a key facilitator of caste differentiation.28,68,69 However, we note

that in addition to histone acetyltransferase KAT6B, the list of 110 ant genes under positive selection reported in this article also includes other

histone modifying enzymes; histone-lysine N-methyltransferase ash1, histone demethylase UTY-like, methyltransferase activity, histone de-

methylase activity (H3K27-specific) and epigenetic readers such as bromodomain-containing protein DDB, suggesting the involvement of

many epigenetic players in shaping eusociality.

While several authors concluded on the basis of broad genome-wide methylation patterns that DNA methylation does not correlate with

sociality in Hymenoptera,16,70 such notions are premature.We simply do not know how emergent behaviors such as sociality evolve. Evolution

can select for distinct life styles and reproductive modes by different initial constraints. Sociality in insects evolved several times71 and rep-

resents a classic example of true degeneracy because the same endpoint was achieved by different mechanisms.72,73 Insects and other in-

vertebrates were able to have massive, selected forces exerted upon them owing to large numbers (and short life cycles), compared to

many vertebrates, which do not even reproduce till later stages of their lives. At the genomic level, it is all about stochasticity and epigenomic

modifications in their various forms. The pathways from epigenomic changes to complex phenotypes and behavior are indirect, multi-level,

and despite much research are largely unknown. New designs emerge from lower levels of organization without any pre-existing determina-

tions. Until we fully comprehend the tissue and cell-type DNA methylation dynamics in Hymenoptera, especially during early development

and in the nervous system,12 many ideas regarding the role of this epigenomic modification in insect epigenetics remain unsupported. Only

then we will be able to tackle the challenge of molecular origins of unique and sophisticated novelties that emerged in this order such as the

acquisition of a symbolic communication dialect in a highly eusocial genus Apis.74

Our findings reinforce the necessity for systematic functional analyses to determine how context-dependent roles of DNMTs have diver-

sified and how their functionality contributed to major evolutionary transitions in Hymenoptera history. With more attention now directed to

changes in regulatory circuits, and the role of hierarchical genetic networks in insects75 wewill be able tomake progress in understanding how

distinct evolutionary traits were shaped by epigenetic inventions.

Limitations of the study

Given the histone modification arrays are based on pre-designed peptides, we cannot exclude the possibility of additional binding prefer-

ences in the context of the entire nucleosome nor to modifications that are not currently represented on the array.

Our molecular and evolutionary conclusions carry the proviso that the analyzed sample of 107 genomes is representative of all Hymenop-

teran species.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

This study did not generate new resources.

Lead contact

Additional information and requests for resources and reagents should be directed to the lead contact, RyszardMaleszka (ryszard.maleszka@

anu.edu.au).

Materials availability

This study did not generate any unique new reagent. All reagents used in this study are commercially available.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GST Abcam Cat#ab19256; RRID: AB_444809

Goat Anti-Rabbit IgG Antibody, HRP-conjugate Sigma-Aldrich Cat#12–-348; RRID: AB_390191

Bacterial and virus strains

E.coli ER2566 New England Biolabs Cat#C2566I

Chemicals, peptides, and recombinant proteins

L(-)-Glutathione (reduced form) VWR Cat#0399

Critical commercial assays

MODified� Histone peptide array Active Motif Cat#13005

Pierce� ECL developing solution Thermo Scientific Cat#32109

Recombinant DNA

pGEX-6P-2 PWWP1 This paper N/A

pGEX-6P-2 PWWP2 This paper N/A

Software and algorithms

Array Analyze software v16.1 Active Motif https://www.activemotif.com/catalog/668/

modified-histone-peptide-array

ClustalX Larkin et al.76

IQ-TREE v2.2.0 Minh et al.77,78

MEGA v11 Tamura et al.79

R gplots package (v.3.1.1) https://shorturl.at/bhJP7

MagicBLAST Boratyn et al.80

ClustalX Larkin et al.76

Samtools v1.3.1 https://www.htslib.org/

ExPaSy’s SwissModel https://swissmodel.expasy.org/ https://swissmodel.expasy.org/

Other

AKTA pure chromatography system Cytiva https://www.cytivalifesciences.com/en/us/shop/

chromatography/chromatography-systems/akta-pure-p-05844

Glutathione Sepharose� 4B Sigma-Aldrich Cat#GE17-0756-01

Superdex� 200 Increase 10/300 GL Sigma-Aldrich Cat#GE28-9909-44

FUSION Solo-S Imaging system Vilber https://www.vilber.com/fusion-solo-s/

RNA-Seq dataset BioProject PRJNA193691 RNA-Seq dataset
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Data and code availability

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Phylogenetic trees construction

All analysed species are listed in Table S1. Conserved domain regions identified by searches against CDD database81 were extracted from

protein sequences using fixed-lengthmargins based on the positions of exon boundaries. The sequences were aligned usingClustalX76 using

default options followed by block realignments and manual corrections. Due to low homology of PWWP domain C-termini, the sequences

were further truncated to contain only the conserved aromatic cage-encoding region. The alignments were used for maximum likelihood

tree construction with IQ-TREE v2.2.0, using Q model77 estimated for insects,78 with invariable site plus discrete gamma rate heterogeneity,

and ultrafast bootstrap for branch support assessment. The resulting treeswere visualisedwithMEGA v11.79 To generate heatmap in Figure 4,

phylogenetic tree branch data were extracted from IQTree output and converted into table format using MEGA.79 The resulting tables were

imported to MS Excel and total branch lengths for each domain and species were calculated using standard worksheet functions. The values

were used to construct a species x branch lengthmatrix and a heatmapwas plotted using heatmap.2 function of the R gplots package (v.3.1.1).

Honey bee DNMT3 alternative splicing analysis

Based on sequencing depth and quality we selected honeybee pupa brains RNA-Seq dataset from BioProject PRJNA193691.82 Reads were

mapped to honey bee DNMT3 gene region (NC_037639.1:15,815,881-15,827,940) using MagicBLAST.80 As for short reads the program only

calls canonical GT-AG introns, all CIGAR deletion (D) tags where the value was >= 10 were replaced with alignment gap (N) tags using a

custom PERL script. Samtools v1.3.183 were used to merge SAM files and to extract base-level exon coverage. Subread package feature-

Counts v1.5.1 program84 was used to extract exon junctions’ usage. Junctions representing less than 0.1% of total junctions count were

filtered out (except for the exon3-exon9 junction, identified in the formof a cDNA clone), and the remaining data together with exon coverage

values were used for quantitative visualisation in the form of a sashimi plot85 using splicejam v0.0.76.900.86

Cloning, over-expression and purification of PWWP domains

DNA sequences corresponding to the two PWWPdomains ofApis melliferaDNMT3were codon-optimised for E. coli and cloned into pGEX-

6P-2 in-frame with Glutathione-S-transferase (GST) using BamHI-XhoI cloning sites (GenScript). GST-tagged PWWP fusion proteins were

overexpressed in E. coli strain ER2566 for 3.5 hours at 24�C, by the addition of 0.1 mM IPTG. Cells were harvested by centrifugation and

the cell pellet was resuspended in GST purification buffer (20 mM HEPES pH 7.5, 500 mM KCl, 10 mM ß-mercaptoethanol, 1 mM EDTA

and 10% glycerol) and lysed by sonication. GST-tagged PWWP fusion proteins were purified from lysates using Glutathione Sepharose�
4B beads (Sigma) via gravity flow chromatography and eluted with 10 mM reduced glutathione (VWR). GST-tagged PWWP fusion proteins

were then further purified by high performance liquid size exclusion chromatography on a Superdex� 200 Increase 10/300GL column (Sigma)

using an AKTApure chromatography system (Cytiva). Standard buffers were used (PBSwith 5% glycerol, except where the addition of 500mM

NaCl was required). All separations were carried out at 4�C at a flow rate of 0.35ml/min. Chromatogramswere recorded using UV absorbance

at 280 nm and 254 nm (Figure S7).

Histone peptide arrays and binding

MODified� histone peptide arrays (Active Motif) were blocked overnight at 4�C in TBST buffer (10 mM Tris-HCl pH 8.3, 0.05% Tween-20,

150 mM NaCl) containing 5% non-fat dried milk. Subsequently, the array was washed with TBST for 5 min and incubated with 10 mM of

GST-tagged PWWP fusion protein, or GST protein alone, at room temperature (RT) for 1 h in binding buffer (20 mM HEPES pH 7.5,

100 mM KCl, 1 mM EDTA, 0.1 mM DTT, 10% glycerol). After washing in TBST, the membrane was incubated for 1 h at RT with a rabbit

anti-GST antibody (Abcam; ab19256) at a concentration of 0.2 mg/ml. The array was then washed three times with TBST for 10 min each at

RT and incubated with a horseradish peroxidase conjugated anti-rabbit secondary antibody (Sigma) at a concentration of 0.05 ug/ml for

1 h at RT. Finally, the array was submerged in Pierce� ECL developing solution, imaged (FUSION Solo-S) and the data quantified using array

analyser software (Active Motif, v.16.1).

3D modelling of the PWWP domain

The tertiary structuremodelling of the honey bee PWWPdomains was performedon ExPaSy’s SwissModel server (https://swissmodel.expasy.

org/) using the crystal structure of the PWWP domain of mammalian DNA methyltransferase DNMT3b as target sequence.87

QUANTIFICATION AND STATISTICAL ANALYSIS

Histone peptide arrays: Raw spot intensities were normalised to the highest spot signal intensity (= 1). Bar plots represent the mean of nor-

malised raw spot signal intensities from the left and right-side replicates of theMODified histone peptide arrays. Error bars showone standard

deviation.
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