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Epigenetic regulators are multiprotein complexes that modify 
chromatin architecture to control gene expression in response 
to developmental and environmental cues. These complexes 
function in a highly coordinated manner, often collaborating 
with various accessory proteins to precisely regulate the dy
namic nature of chromatin states. However, our understand
ing of how these core histone-modifying regulators co-evolved 
with accessory proteins during plant evolution remains limited. 
Therefore, in this review, we summarize the evolution of major 
histone modification regulators, with a focus on Polycomb 
group complexes and their associated accessory proteins. We 
discuss how accessory proteins have evolved to modulate the 
activity of conserved core components, supporting key in
novations during plant evolution. Lastly, we highlight the role 
of accessory proteins in mediating crosstalk between histone- 
modifying complexes, emerging as key evolutionary factors 
that shape the epigenetic landscape and influence plant 
development and environmental adaptation.
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Introduction
Over the past few decades, numerous studies have 

identified diverse histone-modifying complexes and 

elucidated their roles in shaping chromatin architecture 

and regulating gene expression in plants [1]. Among 

these, the core catalytic subunits responsible for key 

histone modifications such as methylation, acetylation, 

ubiquitination, and phosphorylation are largely conserved 

across eukaryotes [1—4], with the notable exception of 

Saccharomyces cerevisiae, which lacks canonical Polycomb 

group (PcG) components [5]. In plants, PcG function as 

key epigenetic regulators that shape chromatin structure 

to ensure proper development, maintain cellular identity 

and phase transitions, and coordinate stress responses 

[6—8]. Throughout plant evolution, these complexes 

have incorporated diverse accessory proteins in a lineage- 

specific manner, enabling fine-tuning of their molecular 

functions to effectively respond to evolving cellular and 

environmental challenges [9—14]. The emergence of 

accessory proteins closely coincided with major evolu

tionary innovations in plants, such as the transition from 

unicellularity to multicellularity, shifts in life cycle from 

gametophyte to sporophyte dominance, adaptation from 

aquatic to terrestrial habitats, development of vascular 

tissues, and the origin of seed formation [12,15—17]. 

These innovations likely involved changes in chromatin 

regulation, with accessory proteins possibly modulating 

core subunits to diversify their functions by rewiring 

molecular circuits and fine-tuning their activity, poten

tially contributing to major evolutionary transitions. 

Collectively, the evolutionary integration of core histone 

modifiers such as writers and erasers with accessory 

proteins, often functioning as epigenetic readers or pro

teins that connect core components to other regulatory 

proteins, underscores the remarkable adaptability and 

precision of plant epigenetic regulation 

[10,11,14,16,18—21]. Beyond enhancing complex speci

ficity, many accessory proteins serve as critical nodes of 

crosstalk between similar or distinct histone-modifying 

complexes, often with opposing activities [14,17,18]. 

Such crosstalk is essential for integrating multiple regu

latory signals to coordinate dynamic chromatin states, 

balancing gene activation and repression in a context- 

dependent manner. These processes are crucial for 

plant evolution and adaptation as without this flexibility, 

chromatin would be unable to dynamically adjust gene 

expression in response to developmental and environ

mental cues [18,21,22]. Thus, accessory proteins 

contribute not only to the diversification of complex 

functions but also to the coordination of distinct 

chromatin-modifying activities, thereby influencing 

transcriptional regulation.

Therefore, a comprehensive study of core histone- 

modifying complexes alongside their lineage-specific 
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accessory proteins is essential to fully grasp the diver

sification of their functions during plant evolution. This 

integrated perspective remains largely unexplored but 

holds great promise for revealing how plants adapt at the 

molecular level to changing environments and devel

opmental demands. This review focuses on Polycomb 

group (PcG) complexes and their accessory proteins, 

emphasizing their crosstalk and integration with other 

chromatin-modifying complexes during plant evolution. 

It also briefly highlights non-PcG complexes that 

contribute to the regulation of dynamic chromatin 

states, particularly those functioning in coordination 

with PcG-associated proteins.

Accessory proteins serve as key regulators 
of core PcG functions, contributing to the 
evolutionary diversification of chromatin 
regulation in plants
In plants, gene duplications and divergence of PcG 

complexes, together with the association of accessory 

proteins, have likely facilitated the functional diversifi

cation and specialization of PcG functions, enabling more 

complex regulation during development [3,23,24]. The 

two main PcG complexes, Polycomb Repressive Complex 

1 (PRC1) and PRC2, functionally cooperate in plants, 

with PRC2 depositing H3K27me3 marks while PRC1 

catalyzes H2A monoubiquitination, collectively 

compacting chromatin and preventing transcription fac

tors from accessing DNA to reinforce gene repression 

[8,25]. The core components of the PRC2 complex have 

been extensively discussed in plants, often in comparison 

to their counterparts in Drosophila melanogaster, where 

PRC2 consists of Enhancer of zeste (E(z)), Extra sex 

combs (Esc), Suppressor of zeste 12 (Su(z)12), and 

Nucleosome remodeling factor (Nurf55, also known as 

p55) [26]. In Arabidopsis thaliana (Arabidopsis), core 

PRC2 components include the E(z) paralogs CURLY 

LEAF (CLF), SWINGER (SWN), and MEDEA (MEA); 

the Su(z)12 homologs EMBRYONIC FLOWER 2 

(EMF2), VERNALIZATION 2 (VRN2), and FERTIL

IZATION INDEPENDENT SEED 2 (FIS2); the ESC 

homolog FERTILIZATION INDEPENDENT ENDO

SPERM (FIE); and the p55-related MULTICOPY 

SUPPRESSOR OF IRA proteins MSI1-5 [8,25,27]. The 

core PRC2 subunits are evolutionarily conserved, indi

cating that PRC2 originated early in eukaryotes with a 

basic functional core composed of E(z), Su(z)12, ESC, 

and p55 homologs [5] (Figure 1a). In addition to its core 

subunits, the PRC2 is guided and regulated by a various 

accessory protein [14,19—21,28,29], as reviewed in detail 

by Godwin et al., 2022 [15]. Among these, certain 

accessory proteins have evolved and become functionally 

integrated into the PRC2 core complex during key 

evolutionary transitions. For example, the TELOMERE 

REPEAT-BINDING FACTORS (TRBs) originated early 

in plant evolution, with their emergence traceable to 

bryophytes [13,30] (Figure 1a and b). The PWWP- 

DOMAIN INTERACTOR OF POLYCOMBS (PWOs) 

appears to have emerged in lycophytes, coinciding with 

the evolutionary transition from aquatic to terrestrial 

habitats and the development of vascular tissues [12] 

(Figure 1a and b). In contrast, UBIQUITIN-SPECIFIC 

PROTEASE 5 (UBP5) and VIVIPAROUS1/ABI3-LIKE 

1 (VAL1) homolog are conserved throughout the green 

lineage, including green algae [16,17] (Figure 1a and b). 

Similarly, the core PRC1 components, including RING- 

finger proteins (RING1A/1B) and B lymphoma Mo- 

MLV insertion region 1 homologs (BMI1A/1B/1C), are 

evolutionarily conserved from algae to higher plants 

(Figure 1b). In contrast, LIKE HETEROCHROMATIN 

PROTEIN 1 (LHP1), which first appears in mosses [16], 

binds to H3K27me3-marked chromatin deposited by 

PRC2 and recruits PRC1 components, promoting 

H2Aub1 deposition and reinforcing transcriptional 

repression [20,31,32]. In addition to the core subunits, 

accessory proteins are also essential for the proper func

tioning of the PRC1 complex [19,20,31]. These include 

EMBRYONIC FLOWER 1 (EMF1) [33—35], 

VERNALIZATION 1 (VRN1) [36], VAL1/2, ALFIN- 

LIKE 1—7 (AL1—7), INHIBITOR OF GROWTH 1/2 

(ING1/2), BASIC PENTACYSTEINE (BPC) [37] and 

EARLY BOLTING IN SHORT DAYS/SHORT LIFE 

(EBS/SHL) [16] (Figure 1b). While core subunits of 

PRC1 such as BMI1 and RING1 are well conserved 

across the green lineage [4], the emergence of accessory 

proteins at different points in plant evolution has been 

crucial for fine-tuning PRC1 function. For instance, 

EMF1 and VRN1 are specific to dicotyledonous species, 

whereas BPC-type proteins are present in bryophytes 

and lycophytes but absent in algal lineages, indicating an 

origin early in land plant evolution followed by lineage- 

specific diversification and losses (Figure 1a and b) 

[37]. In contrast, VALs, ALs, ING1/2, and EBS/SHL are 

conserved throughout the plant kingdom, including in 

algae (Figure 1a and b) [16].

Therefore, the expansion and emergence of PRC1/2- 

associated accessory proteins (e.g., TRBs, PWOs, 

EMF1, VRN1, LHP1, BPCs) (Figure 1a and b) in early 

land and vascular plants may have driven lineage- 

specific shifts in PRC2 targeting, for example, shift

ing from transposable elements in Archaeplastida and 

diatoms (e.g., Cyanidioschyzon merolae, Chlamydomonas 

reinhardtii, Phaeodactylum tricornutum), to broader gene 

repression in bryophytes (Marchantia polymorpha), and 

predominantly to gene bodies and promoters in flow

ering plants (Arabidopsis). This also suggests that 

evolving accessory proteins could have guided PRC2 to 

relocate H3K27me3 marks from repeat-rich hetero

chromatin in lower plants to gene-rich euchromatin in 

higher plants [38]. Similarly, the integration of PRC1 

accessory proteins with its core components, BMI1 and 

RING1 in flowering plants was likely a key step in the 

neofunctionalization of PcG-mediated repression, 
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although the precise evolutionary trajectory of this 

functional shift remains an important area for 

future investigation.

Pc-G associated proteins modulating 
further histone-modifying complexes in 
plants

In addition to PcG complexes, further histone- 

modifying proteins play parallel, often PcG-connected 

roles in regulating gene transcription in plants and 

depend on PcG-associated accessory proteins to achieve 

specificity during development and environmental 

responses [18,35,39]. These include histone demethy

lases (HDMs), histone acetyltransferases (HATs), his

tone deacetylases (HDACs), and the recently identified 

PEAT complex (comprising PWWPs/PWOs, 

ENHANCER OF POLYCOMB-RELATED proteins 

(EPCRs), AT-rich interaction domain-containing pro

teins (ARIDs), and TRBs). The PEAT complex has 

been shown to maintain heterochromatin silencing 

through its interaction with histone deacetylases [40] 

and, together with UBP5 and HAM1/2, induces gene 

expression via histone H4 acetylation and H2A 

deubiquitination [17,41]. Though the PEAT complex 

functions as a histone modifier with conserved 

Figure 1 

A simplified evolutionary timescale [63] illustrates the emergence and diversification of major green plant lineages, including chlorophytes, bryophytes, 
lycophytes, and flowering plants. (a-b). The figure highlights the conservation of core Polycomb group (PcG) components (indicated by a light gray 
background), including subunits of PRC2 (left) and PRC1 (right), across the green lineage. In addition to these core components, both conserved and 
lineage-specific accessory proteins are shown (annotated in boxes within the figure), forming dynamic interaction networks within the PcG complex, 
particularly in flowering plants, with a few similar examples observed in non-seed plants. (c). The interactions of non-PcG histone modifiers, including 
HDMs, HDACs, HATs, and PEAT complex, are also depicted, highlighting the expanding crosstalk among chromatin-modifying complexes and PcG- 
associated accessory proteins. ‘Interactions’ (Black lines) indicate a direct physical interaction, while ‘No direct interactions’ (Red lines) refer to 
genetic or indirect associations. Created with BioRender.com.
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components like UBP5, HAMs, and EPCRs.In contrast, 

TRBs and PWOs, which emerged early in land plants, 

may also contribute to diversifying its functions 

[12,17,30]. While the specific cis-targets of PEAT on 

chromatin are not yet fully clear, it is plausible that 

TRBs, which bind the telo-box [30], together with 

PWOs, help direct the complex to such cis-motifs from 

non-seed plants, although further studies are needed to 

confirm this. Moreover, HDMs, responsible for 

removing methyl groups from histone tails, are classified 

into two major families: the Lysine-Specific Demethy

lase 1 (LSD1) type, which targets H3K4me1/2 and 

H3K9me1/2, and the JmjC domain-containing family 

and removes mono-, di-, and tri-methyl marks from 

residues such as H3K4, H3K9, and H3K27 (Figure 1c) 

[42,43]. The JmjC and LSD1-type KDMs are conserved 

across kingdoms, with JmjC genes diversifying in 

different numbers across land plants [44]. In Arabi

dopsis, the JmjC domain-containing protein JMJ14 

actively demethylates H3K4me3 and relies on accessory 

proteins, including the TRBs, which help recruit it for 

this specific demethylation [18] (Figure 1c). JMJ14 also 

associates with EMF1, LHP1, and AtBMI1 proteins in a 

repressive PcG-like complex [35] (Figure 1c). HATs and 

HDACs regulate gene transcription by catalyzing dy

namic acetylation and deacetylation and therefore 

providing a key regulatory switch, controlling the tran

sition between transcriptionally active (open) and 

inactive (closed) chromatin states [45]. Among these, 

the HATs; HAM1 and HAM2 play central roles as cat

alytic subunits of a Nucleosome Acetyltransferase of H4 

(NuA4)-like complex, which primarily acetylates his

tones H4 and H2A. This function is conserved across 

eukaryotes [46,47]. Notably, HAM1 and HAM2 also 

participate in PEAT complex (Figure 1c), where they 

directly interact with EPCR1/2, proteins essential for 

their H4K5 acetylation activity [17]. This dual involve

ment in both the conserved NuA4 complex and the 

lineage-specific PEAT complex highlights HAMs’ versa

tile roles in transcriptional regulation during plant evo

lution. On the other hand, plants possess two conserved 

HDAC families; RPD3/HDA1-type and SIR2-type 

(sirtuins), as well as the plant-specific HD2 (HD-tuin) 

family, all of which remove acetyl marks from histones 

[48,49]. Although HDACs are generally considered non- 

PcG modifiers, recent studies have demonstrated that 

transcriptional repressors such as VALs recruit HDACs 

via their EAR domain (Figure 1c) while simultaneously 

interacting with PRC1 components like AtBMI1A-B and 

connects PCR2 component SWN and CLF to mediate 

chromatin silencing [48,50—52]. This highlights a func

tional crosstalk between PcG complexes and HDACs, 

facilitated by accessory proteins that integrate distinct 

chromatin-modifying activities into a unified repres

sion mechanism.

Accessory proteins mediate crosstalk 
within similar or contrasting histone 
modifier complexes
Accessory proteins are central architects of the epigenetic 

regulatory network, acting as molecular hubs that create 

physical and functional bridges between different 

chromatin-modifying complexes. A primary example is 

the crosstalk within the Polycomb silencing pathway 

itself. Accessory proteins like LHP1, EMF1, and VAL, 

which are integral to PRC1 function, also physically 

interact with core PRC2 subunits [8,19,53,54] (Figure 1a 

and b) ensuring coordinated repression. This suggests 

that LHP1 may act as a linker between PRC1 and PRC2 

complexes during plant evolution (Figure 1a and b) [9]. 

Expanding this network, certain accessory proteins 

function as master integrators connecting distinct 

epigenetic pathways. For instance, TRBs are emerging as 

key factors linking core chromatin and histone modifiers, 

including CLF and SWN (PRC2), LHP1 (PRC1), JMJ14 

(HDMs) and EPCRs (PEAT complex) thereby regulating 

both repressive and active chromatin states. Notably, 

TRBs and LHP1 appear in non-seed plants [13,16] 

(Figure 1a and b) and may associate with similar core 

components to diversify their functions, although this 

remains to be investigated. While LHP1’s binding to 

PRC2 is well established in Arabidopsis, similar in

teractions occur in Physcomitrium patens (Pp), where 

PpLHP1 interacts with PpRING1A/B, and PpRING1A 

connects with PRC2 subunits such as PpCLF, suggesting 

conserved crosstalk between PRC1 and PRC2 complexes 

across plant lineages [9]. Similarly, PWO1 has been 

shown to interact with PRC2, and this association ap

pears to be evolutionarily conserved, emerging in lyco

phytes, as suggested by the confirmed interaction 

between Selaginella moellendorffii (Sm) SmPWOa and 

SmCLF [12,21] (Figure 1a). This suggests that the 

interaction between PWOs and the conserved PRC2 

complex in early vascular plants may contribute to 

functional diversification. Moreover, PWO1 does not 

exclusively associate with PRC2 members; it is also found 

in the PEAT complex, which promotes gene activation via 

HAMs and UBP5 in Arabidopsis [17]. Both PWO and 

TRB proteins mediate crosstalk between two contrasting 

complexes, PRC2 and PEAT, but the molecular impli

cations of this association remain unclear. Interestingly, 

PWO1 binding sites are mutually exclusive with 

H3K27me3/PRC2 [55], making it tempting to speculate 

that PWO might antagonize PRC2 activity while associ

ating with TRBs. In contrast, TRBs can promote 

silencing independently of PWOs, as shown previously 

[14,18]. Moreover, UBP5 associates the PEAT complex 

and PRC2, but since its target genes enriched in H2Aub 

fail to gain H3K27me3, this suggests that UBP5 has 

PRC2-independent functions [41], although the under

lying mechanisms of the UBP5—PRC2 interaction in 
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chromatin regulation remain unclear (Figure 1). In 

addition, Enhancer of LHP1 (EOL1) functions as an 

integrative mediator between PRC2 and LHP1, physi

cally interacting with both complexes during DNA 

replication to ensure the maintenance of H3K27me3- 

mediated gene repression at target loci (Figure 1a and 

b) [19]. Similarly, BPC proteins recruit PRC1 compo

nents via LHP1 and interact with PRC2—SWN to 

mediate gene silencing at loci containing GAGA/PRE 

motifs in Arabidopsis (Figure 1a and b) [10,11]. Inter

estingly, some accessory proteins engage with different 

chromatin regulators in a spatially and temporally 

restricted manner. For instance, VRN1 interacts with 

multiple chromatin regulatory complexes, including 

HDACs, chromatin remodelers from the INO80 and 

SWI/SNF families, and components of both PRC1 and 

PRC2. Many of these associations are sustained during 

vernalization, indicating a dynamic regulatory role influ

enced by developmental or environmental cues [56]. 

Similarly, AL proteins interact with various regulatory 

proteins, including chromatin modifiers. They function 

as PRC1 subunits mediating H2A monoubiquitination 

linked to H3K4me3, and associate with PWO proteins of 

the PEAT complex involved in H2A deubiquitination, 

suggesting a role in coordinating opposing chromatin 

modifications in a context-specific manner [57]. There

fore, unraveling how accessory proteins operate within 

opposing complexes in a spatiotemporal, cell type- 

specific, and environmentally responsive context re

mains a major frontier in epigenetic research.

Conclusion and perspective
Although core histone-modifying enzymes such as 

HDMs, HATs, HDACs, and Polycomb group complexes 

are broadly conserved across eukaryotes, mounting evi

dence reveals that their regulatory landscapes have been 

significantly diversified through the lineage-specific 

emergence of accessory proteins. These subunits, often 

absent in ancestral eukaryotes, appear to have evolved in 

response to developmental and environmental challenges 

unique to plant lineages [5,38,58]. A compelling hy

pothesis is that these accessory proteins provided addi

tional regulatory layers that enabled conserved core 

histone modifiers to be co-opted for new functions, fine- 

tuning chromatin states in response to emerging biolog

ical needs. Innovations and neofunctionalization may not 

only permit the adaptation to increasing developmental 

complexity and conquest of ecological niches, but also 

contribute to more complex genome organization and 

genome defense. Particularly, an important role in 3D 

genome organization was recently revealed for EMF1 and 

the PEAT component PWO [55,59], which may depend 

on interactions of spatially restricted proteins. In addi

tion, the association of PcG and accessory proteins may 

regulate different classes of genomic elements such as 

transposable elements (TEs) and genes, possibly 

depending on the evolutionary age of the regulated genes 

and its potential emergence from TEs [38,58,60]. Lastly, 

accessory proteins may participate in only certain steps 

towards the final silencing state of a genomic element, 

which includes nucleation, spreading of the silencing 

mark and restriction of spreading within a boundary 

region [61].

Importantly, crosstalk between different histone- 

modifying complexes is often facilitated by accessory 

proteins, which help coordinate gene regulation within 

the spatial context of chromatin organization. This 

highlights their essential role in dynamically linking 

multiple epigenetic pathways. Moving forward, eluci

dating the molecular function, composition and struc

ture of chromatin-modifying complexes in non-model 

plants will be critical. Structural studies may reveal 

conserved functional domains even in the absence of 

strong sequence similarity, while genome-wide locali

zation analyses, such as those presented in the 

QHistone database [62], can uncover overlapping or 

distinct genomic targets of core and accessory subunits. 

Together, these efforts will clarify how modular chro

matin complexes have evolved and been repurposed to 

support plant developmental innovation and environ

mental adaptation, particularly by revealing novel reg

ulatory modules in lineages that faced distinct 

evolutionary pressures.
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