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Abstract

in commonly grown winter wheat.

Background: Polycomb repressive complexes 1 and 2 play important roles in epigenetic gene regulation by
posttranslationally modifying specific histone residues. Polycomb repressive complex 2 is responsible for the
trimethylation of lysine 27 on histone H3; Polycomb repressive complex 1 catalyzes the monoubiquitination of
histone H2A at lysine 119. Both complexes have been thoroughly studied in Arabidopsis, but the evolution of
polycomb group gene families in monocots, particularly those with complex allopolyploid origins, is unknown.

Results: Here, we present the in silico identification of the Polycomb repressive complex 1 and 2 (PRC2, PRCT)
subunits in allohexaploid bread wheat, the reconstruction of their evolutionary history and a transcriptional analysis
over a series of 33 developmental stages. We identified four main subunits of PRC2 [E(z), Su(2), FIE and MSI] and three
main subunits of PRC1 (Pc, Psc and Sce) and determined their chromosomal locations. We found that most of the
genes coding for subunit proteins are present as paralogs in bread wheat. Using bread wheat RNA-seq data from
different tissues and developmental stages throughout plant ontogenesis revealed variable transcriptional activity for
individual paralogs. Phylogenetic analysis showed a high level of protein conservation among temperate cereals.

Conclusions: The identification and chromosomal location of the Polycomb repressive complex 1 and 2 core
components in bread wheat may enable a deeper understanding of developmental processes, including vernalization,
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Background

The regulation of gene expression in higher organisms
includes a wide range of mechanisms acting at transcrip-
tional, posttranscriptional and posttranslational levels.
More complex regulation that is required to coordinate
proper gene activity also includes regulation by
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chromatin remodeling via histone modifications (methy-
lation, acetylation, phosphorylation, and ubiquitination),
which lead to specific chromatin changes. Prominent
posttranslational changes are histone modifications,
which occur on particular amino acid residues. Methyla-
tion of lysine 4 on histone H3 (H3K4me) is mainly asso-
ciated with transcriptional activation, whereas di- and
trimethylation of lysines 9 and 27 (H3K9me2 and
H3K27me3, respectively) leads to transcriptional repres-
sion [1]. H3K9me2, together with small double-stranded
RNAs and DNA hypermethylation, contributes to the
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silencing of repetitive DNA sequences [2, 3]. The repres-
sive epigenetic regulatory processes of genes are usually
controlled by Polycomb group proteins (PcG), which are,
at the basic level, evolutionarily conserved among plants
and animals [4]. Initially identified in Drosophila melanoga-
ster, Polycomb repressive complex 1 (PRC1) and 2 (PRC2)
are two of the main complexes involved in developmental
gene regulation (reviewed in [4-6]). Traditionally, PRC1
and PRC2 have been suggested to work in a hierarchical
PRC2 — PRC1 manner [7], but recently, a PRC2-
independent function of PRC1 has been suggested [8, 9].
According to the hierarchical model, PRC2 binds to specific
DNA sequence motifs called polycomb response elements
(PRE) and trimethylates H3 at lysine 27 (H3K27me3) in
nearby nucleosomes, recruiting PRCI1, which catalyzes
monoubiquitination of histone H2A (H2AK119ul) and sta-
bilizes H3K27me3 modification via chromatin remodeling
[10]. The PRC2:PRCl-independent model proposes that
PRC1 and PRC2 have their own specific adaptor proteins
that bind the PRE, and that consequently, PRC1/2 are inde-
pendently recruited via interactions with their particular
adaptor protein [8].

Drosophila PRC1 contains four core components,
Polycomb (Pc), Polyhomeotic (Ph), Posterior sex combs
(Psc) and Sex combs extra (Sce); a fifth component, Sex
combs on midleg (Scm), has also been reported
(reviewed in [6]). The presence of PRC1 has been un-
clear in plants until RING-finger proteins were described
in Arabidopsis [11, 12]. In A. thaliana, LIKE HETERO-
CHROMATIN PROTEIN1 (AtLHP1) substitutes for the
Pc function [13]. With its chromodomain, LHP1 recog-
nizes and binds histone H3 methylated lysine 27
(H3K27me3) [14]. A. thaliana B LYMPHOMA Mo-MLV
INSERTION REGION 1 HOMOLOG (AtBMIIA to C)
are three homologs of Psc, and REALLY INTERESTING
NEW GENEI (AtRINGI1A and AtRINGIB) are two ho-
mologs of Sce (reviewed in [15]). No Ph homolog has
been identified in plants to date [16]. However, plant-
specific proteins related to PRC1, such as A. thaliana
EMBRYONIC FLOWER1 (AtEMF1) [17] or A. thaliana
VERNALIZATION1 (AtVRN1) [18], have been sug-
gested. EMF1 is involved in the control of shoot archi-
tecture and flowering in Arabidopsis [19] and interacts
with the AtBMI1 and AtRING1 homologs of PRC1 [20,
21]. In contrast, there is no report on the interactions
between AtVRN1, which is involved in vernalization in
Arabidopsis [22], and other PRC1 components to date
[23]. Thus, there is no consensus regarding whether
VRNL is a core component of PRC1. Recently, an alter-
native complex with a PRC1-like function was reported
[24]. In Arabidopsis, two homologous BAH (Bromo-ad-
jacent homology) domain-containing proteins form a
plant-specific complex with EMBRYONIC FLOWER1L
(AtEMF1), and this BAH-EMF1 complex reads and
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effects the H3K27me3 mark and mediates genome-wide
transcriptional repression. A homolog of a BAH-domain
protein has also been found in monocots (rice), which
may indicate its conservation in flowering plants [24].
Genes encoding PRC1 subunits have also been reported
in monocots, e.g., Zea mays and Oryza sativa [23], but
not in agronomically important temperate cereals, such
as wheat or barley.

The PRC2 complex is formed by four subunits: En-
hancer of zeste [E(z)], Extra sex combs (Esc), Suppres-
sor of zeste 12 [Su(z)12] and WD protein p55 [25];
however, similar to PRC1, an additional fifth core com-
ponent (Jing) has been suggested in Drosophila [6]. In
plants, PRC2 has been thoroughly studied in Arabidop-
sis (reviewed in [4]). The catalytic activity of PRC2 is
histone methylation associated with the SET domain in
E(z). Three E(z) homologs have been described to date:
CURLY LEAF (CLF) [26], SWINGER (SWN) [27] and
MEDEA (MEA) [28]. Similarly, three homologs of Su(z)
have been identified: REDUCED VERNALIZATION
RESPONSE2 (VRN2) [29], EMBRYONIC FLOWER2
(EMF2) [30] and FERTILIZATION INDEPENDENT
SEED2 (FIS2) [31]. The ESC homolog FERTILIZATION
INDEPENDENT ENDOSPERM (FIE) is present as a sin-
gle gene; in contrast, five genes (MSI1 to MSI5) have
been found for the WD40 p55 homolog (MULTICOPY
SUPPRESSOR OF IRA1, MSI) in Arabidopsis [32]. Each
of the Arabidopsis E(z) and Su(z) homologs functions
at different developmental stages (reviewed in [33]).
The E(z) homolog MEA is active during early endo-
sperm development [34]; SWN and CLF play a role in
vegetative development and vernalization. The initi-
ation of flowering after vernalization is controlled by
the flowering repressor FLOWERING LOCUS C (FLC)
[35, 36]. It was also shown that the H3K27me3 level in-
creases and gradually silences FLC during vernalization
[37]; additionally, FLC is completely switched off at the
end of the cold period [38]. This status is reset in the
next generation, and thus, plants must undergo
vernalization to flower.

In Arabidopsis, the clf swn double mutant completely
loses H3K27me3, which indicates the possible inactiva-
tion of PRC2 [39]. However, cIf swn plants form only
callus-like structures with occasional somatic embryos
[40]. The Su(z) homolog FIS participates in the regula-
tion of the female gametophyte and seed development
[41], but the Su(z) homolog EMF2 controls the transi-
tion to flowering [42]. Grass PRC2 homologs have been
in silico identified in maize, rice and barley [43—49], with
functions mainly associated with seed and endosperm
development [49, 50]; for a detailed summary, see [51].
Although Kapazoglou et al. [49] identified the barley
PRC2 homologs HVFIE, HvE(z), HvSu(z)12a and
HvSu(z)12b, p55 has not been found.
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Recently, Lomax et al. [52] identified a Brachypodium
distachyon mutant without vernalization requirements.
A mutation in Enhancer of zeste-like (EZL1), an ortholog
of A. thaliana CLF, causes an overall reduction in
H3K27me3 and H3K27me2 at B. distachyon
VERNALIZATIONI (BAVRNI) and, consequently, earlier
flowering without vernalization. A significant reduction
in H3K27me3 levels in several regions of TaVRNI1 dur-
ing vernalization has also been reported in the bread
wheat Triticum aestivum, correlating positively with the
length of the cold period [53]. These findings indicate an
important role for PRC2-mediated H3K27me3 depos-
ition in the process of vernalization in grasses.

Despite the socioeconomic importance of bread wheat,
our understanding of biological processes has been lim-
ited due to the absence of an annotated reference gen-
ome until recently, when the International Wheat
Genome Sequencing Consortium (IWGSC) published a
reference genome of the cultivar Chinese Spring [54].
Overall, the complex wheat genome has proven difficult
to decode because of its polyploid nature and high re-
peat content. Bread wheat (2n=6x=42) is a recently
formed allohexaploid with a large nuclear genome size
(16,974 Mb/1C, [55]) assembled from three homoeolo-
gous subgenomes (A, B and D) and with more than 85%
of repetitive elements. Thus, deep analyses of genes and
their biochemical pathways as well as the molecular
basis of central agronomic traits lag behind those of
other crops and model plant species, such as A.
thaliana.

Here, we report the identification and chromosomal
location of bread wheat genes encoding the individual
subunits of PRC2 and PRC1. We analyzed the mRNA
levels of individual genes at different developmental
stages and found sequence conservation with other Tri-
ticeae species, such as Triticum urartu, Aegilops tauschii
and Triticum dicoccoides, using a phylogenetic approach.
We also discuss the putative role of PRC2 and PRC1 in
the vernalization process in bread wheat.

Results

In silico identification of wheat PRC2 and PRC1 core
components

Using protein sequences of the Arabidopsis PcG homo-
logs, we identified wheat components and their respect-
ive chromosomal locations. As expected, homoeologs of
individual components in all three wheat subgenomes A,
B and D were also located. Bread wheat components are
designated with the prefix “Ta” representing Triticum
aestivum followed by A, B or D to indicate the subge-
nome location. If additional entries were identified on a
different chromosome or the same chromosome but at a
different position, the respective number was added to
distinguish between individual paralogs, for example,
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TaSu(z)-2A1 (Table 1). The chromosomal positions were
validated using the available reference genomes of T.
urartu (2n = 2x =14), T. dicoccoides (wild emmer wheat,
2n =4x =28, accession Zavitan) and H. vulgare (2n=
2x = 14, cultivar Morex) (Additional file 1: Table S1).

Enhancer of zeste [E(z)] is located on chromosomes 4
and 7 (Table 1). On chromosome 4, E(z) was found on
the short arm [7TaE(z)-4A1] and on the long arm
[TaE(z)-4B1, TaE(z)-4D1); for chromosome 7, E(z) was
found on the short arm (Additional file 1: Table S1).
The position of TaE(z)-4A1 on the short arm of chromo-
some 4A corresponds with the pericentric inversion re-
ported in hexaploid wheat [54, 56]. Two paralogs on the
respective short arm on chromosome 7 were identified,
separated by only tens of kilobases, suggesting that they
originated from a local gene duplication event (Add-
itional file 1: Table S1). Furthermore, as a result of mul-
tiple insertions and deletions (indels), paralogs located
on chromosome 7A differ by 86 amino acids, and those
on chromosomes 7B and 7D differ by 85 amino acids,
with the longest indel being 137 amino acids in length
(Additional file 2: Fig. S1D).

Kapazoglou et al. [49] reported Suppressor of zeste
[Su(z)] homologs in barley, located on chromosomes 2H
and 5H. Similarly, we found wheat homologs on chro-
mosomes 2 and 5. Interestingly, two homologs were
identified on chromosomes 2AS and 2BS but only one
on 2DS (Table 1). All three homoeologs of group 5 are
located on the long arm. The bread wheat diploid pro-
genitor 7. urartu has only the A genome, and we identi-
fied two homologs on the short arm of chromosome 2
at positions ~ 1.5Mb and =~ 2.4 Mb and another on the
long arm of chromosome 5. Wild emmer wheat acces-
sion Zavitan also carries two homologs on 2AS and one
on 2BS together with homologs on 5AL and 5BL (Add-
itional file 1: Table S1).

Two proteins encoded by the genes TaSu(z)-2A2 and
TaSu(z)-2B2 carry an insertion of 32 amino acids. This
insertion was also found in proteins encoded by the
TRIDC2AG000370.14 gene in T. dicoccoides and by the
H. vulgare gene HORVUMOREX.r2.2HG0078790.1 lo-
cated on chromosome 2 (Additional file 2: Fig. S1G).

The Esc subunit reported in Drosophila has been des-
ignated FERTILIZATION INDEPENDENT ENDO-
SPERM1 (HvFIEI) in barley [49], and we followed this
style and named the wheat homologs TaFIE. We found
two homologs on 7AS (TaFIE-7A2.1 and TaFIE-7A2.2)
and one on 7AL (TaFIE-7AI) (Table 1 and Additional
file 1: Table S1). Chromosome 7D harbors one gene lo-
cated on the short arm (TaFIE-7DI) and one gene on
the long arm (TaFIE-7D2). Initially, no 7B homolog was
localized using the reference sequence of Chinese Spring
by IWGSC. Surprisingly, a paralog was found in the dis-
tal part of the long arm of chromosome 4. This
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Table 1 Polycomb group core components
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Drosophila  Arabidopsis Wheat
PRC2
E2) SWN TaE(z)-4AT1 (TraesCS4A02G121300.1)
CLF Tak(z)-7A1.1 (TraesCS7A02G128300.1)
Tak(z)-7A1.2 (TraesCS7A02G128600.1)
MEA n/a
Su(z) EMF2 TaSu(z)-2A1 (TraesCS2A02G000100.1)
TaSu(z)-2A2 (TraesCS2A02G002500.1)
TaSu(z)-5A1 (TraesCS5A02G179600.1)
VRNZ2 n/a
FIS2 n/a
ESC FIE TaFIE-7AT (TraesCS7A02G308300.1)
TaFIE-7A2.1 (TraesCS7A02G089100.1)
TaFIE-7A2.2 (TraesCS7A02G089200.1)
TaFIE-4AT (TraesCS4A02G388400.1)
p55 MSIT TaMSIT-AT* (TraesCSU02G072700.1)
TaMSIT-A2 (TraesCS5A02G331900.1)
PRC1
Pc LHPT TaLHP1-AT (TraesCS7A02G337900)
Psc BMITA, BMITB, BMITC ~ TaBMIT-AT (TraesCS5A02G378600.1)
TaBMI1-A2 (TraesCS5A02G058000)
Sce RINGTA TaRING1-AT (TraesCS3A02G327900.2)
RING1B TaRING2-A1 (TraesCS1A02G315400.1)
n/a EMF1 TaEMF1-AT (TraesCS3A02G154500.1)

TakE(z)-4B1 (TraesCS4B02G181400.3)
TaE(z)-7B1.1 (TraesCS7B02G028200.2)
TaE(z)-7B1.2 (TraesCS7B02G028500.2)

TaSu(z)-2B1 (TraesCS2B02G023900.1)
TaSu(z)-2B2 (TraesCS2B02G020400.3)
TaSu(z)-5B1 (TraesCS5B02G177400.3)

TafFIE-7B1 (TraesCS7B02G377900LC. 1)

TaMSI1-B1 (TraesCS5B02G378700.1)
TaMSI1-B2 (TraesCS5B802G332200.1)

TaLHP1-B1 (TraesCS7B02G249200)
TaBMI1-B1 (TraesCS5802G382100.1)
TaBMI1-B2 (TraesCS5B02G065600)
TaRING1-B1 (TraesCS3B02G357400.3)
TaRING2-B1 (TraesCS1B02G327300.1)
TaEMF1-B1 (TraesCS3B02G180800.1)

TaE(2)-4D1 (TraesCS4D02G184600.3)
TaE(z)-7D1.1 (TraesCS7D02G127100.2)
Tak(z)-7D1.2 (TraesCS7D02G127400.1)

TaSu(z)-2D1 (TraesCS2D02G000600.1)

TaSu(z)-5D1 (TraesCS5D02G184200.2)

TaFIE-7D1 (TraesCS7D02G084500.1)
TaFIE-7D2 (TraesCS7D02G305100.1)

TaMSI1-D1 (TraesCS5002G385600.1)
TaMSI1-D2 (TraesCS5002G337800.1)

TaLHP1-D1 (TraesCS7D02G345200)
TaBMIT-D1 (TraesCS5002G388500.1)
TaBMI1-D2 (TraesCS5002G069800)
TaRING1-D1 (TraesCS3D02G321400.2)
TaRING2-D1 (TraesCS1D02G315600.1)
TaEMF1-D1 (TraesCS3D02G161800.1)

The table shows genes of PRC2 and PRC1 previously reported in Drosophila and Arabidopsis and those identified in bread wheat. Each column in wheat contains
A, B, and D subgenome homoeologs. EMF1 is a plant-specific PRC1-related component that is not present (n/a) in Drosophila. The accession numbers of the
respective wheat PcG components are listed in Additional file 1: Table S1. An asterisk (*) indicates that the gene was not assigned to any chromosome based on a
BLAST search - the chromosome location was determined by a colinearity with T. urartu and T. turgidum; a dash () indicates that no homolog was identified. The

gene ID in brackets corresponds to the IWGSC RefSeq v1.1 gene annotation.

corresponds with the fact that this region of chromo-
some 4 contains a portion of chromosome 7B [56]. Re-
ciprocal BLAST with the 4AL homolog (TaFIE-4Al)
showed high similarity with genes previously located on
7AL/7BL in Zavitan and with the barley gene on the 7H
chromosome. The predicted barley protein was anno-
tated as FIE [57, 58]. Later, we identified the 7BL homo-
log TRIAE_CS42_7BL_TGACv1_580129_AA1912160.1
using a BLAST search in the Ensembl plant database
using data from wheat genome assembly by TGAC [59]
(Additional file 1: Table S1).

The p55 subunit, which contains WD40 domains
(same as FIE) together with the N-terminal domain of
the histone-binding protein RBBP4, has been designated
MSI1 (MULTICOPY SUPPRESSOR OF IRA1) in Arabi-
dopsis. In bread wheat, two orthologs (TaMSII) are
present on each chromosome of group 5, with one ex-
ception: one of the best BLAST results was not anchored
to any chromosome (TraesCSU02G072700). Comparison
with the sequences of T. wurartu and T. turgidum

revealed high identity with the 5AL chromosome; there-
fore, we designated this unassigned accession TaMSII-
Al, suggesting its location on chromosome 5A (Table 1
and Additional file 1: Table S1).

However, the localization of wheat PRC1 components
was more complicated, as they have not been described
in cereals thus far, rendering validation of the results dif-
ficult. Therefore, we used the reference sequence of H.
vulgare containing annotations of predicted proteins.

LIKE HETEROCHROMATIN PROTEINI (LHPI)
wheat homoeologs were found on the long arm of
chromosome 7 and BMII homologs on both short and
long arms of chromosome 5. Arabidopsis has three
BMII homologs (AtBMIIA to AtBMIIC), but BLAST of
AtBMIIA and AtBMIIB identified the same genes in
wheat located on the long arm of chromosome 5. Sur-
prisingly, a BLAST search of AtBMIIC identified not
only the same wheat homologs but also other paralogous
genes located on the short arm. The genes on the short
arm correspond to the position of the barley gene, also
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on the short arm of chromosome 5H. This gene was an-
notated as Ubiquitin ligase DREB2A-INTERACTING
PROTEIN2 (DRIP2, a synonym for BMII) [58] and cor-
responds to the Arabidopsis designation. The genes on
the long arm correspond with the position of the barley
gene also annotated as Ubiquitin ligase DRIP2 [58] and
located on the long arm of chromosome 5H.

RINGI1 homologs were found on the long arm of all
three chromosomes of group 3. RING2 is present on the
long arm of all three chromosomes of group 1.

The wheat homolog TaEMF1 was not identified when
the Arabidopsis protein sequence was used in a BLAST
search. However, homologous proteins with genes lo-
cated on chromosomes 3A, 3B and 3D were found when
the EMF1 protein sequence of Z. mays was used [23].
The positions of these genes correlate with the location
of HVEMFI in barley, suggesting that they may be ho-
mologs of AtEMFI.

We also identified the main protein domains for individ-
ual PcG wheat components (Fig. 1). Comparison of bread
wheat with Arabidopsis, H. vulgare and T. dicoccoides
showed high domain conservation, which further sup-
ported the accuracy of the wheat homolog identification.

Phylogenetic analysis

Phylogenetic trees of both PRC2 and PRC1 wheat com-
ponents were constructed to reveal the evolutionary re-
lationships among Arabidopsis, barley, rice, maize, all
bread wheat homologs and bread wheat progenitors
(Figs. 2 and 3).

Phylogenetic analysis showed that wheat E(z) homo-
logs, located on chromosomes 4 and 7, fell into separate
clades, one including AtSWN and the other including
AtCLF, respectively. This suggests that E(z) genes on
wheat chromosome 4 are putative orthologs of AtSWN
but that genes on chromosome 7 are putative orthologs
of AtCLF (Fig. 2a).

Su(z) genes were found on chromosomes 2 and 5. The
genes on chromosome 2 clustered in one clade, and
genes on chromosome 5 clustered into the second clade.
The phylogenetic analysis suggests that all Su(z) are
orthologous to AtEMF?2 (Fig. 2b).

Homologs of FIE are located on chromosome 7, but the
best BLAST hit was for chromosome 4A. Interestingly,
the homolog on the 4AL chromosome (TaFIE-4A1) fell
into the same clade with the 7AS chromosome homologs
(TaFIE-7A2.1 and TaFIE-7A2.2) and not in the clade with
the 7AL homolog (Fig. 2¢).

MSI homologs were found to be in two positions on
the long arm of chromosome 5, except for TraesC-
SU02G072700, which was not assigned to any chromo-
some (Additional file 1: Table S1). However,
phylogenetic clustering of this unanchored gene in the
same clade together with TaMSII-BI and TaMSII-DI
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suggests that it may represent the TaMSI copy on the
5A chromosome (Table 1).

The phylogenetic analysis of PRC1 components was un-
remarkable: wheat LHP1 homologs clustered according to
subgenomes A, B and D. Although Arabidopsis has three
BMI1 homologs, wheat BMI1 homologs were grouped
into only two clades. This was in agreement with our find-
ings based on alignment (Additional file 1: Table SI).
RING homologs clustered into two clades according to
their location on chromosomes 1 and 3 (Fig. 3b).

RNA-seq analysis suggests conserved transcriptional
patterns of A, B and D homoeologs

To estimate transcriptional activity and potential tissue
specificity of individual PRC1 and PRC2 subunits, we per-
formed transcriptomic analysis using publicly available
RNA-sequencing data for 58 bread wheat developmental
stages and tissues from the Azhurnaya accession (expVIP
database). Transcripts per million (TPM) values were ex-
tracted for all of the above-described genes, clustered
based on the similarity of their transcriptional profiles
over the tissues and visualized in heat maps (Fig. 4 and
Additional file 3: Table S2). TPM values were used after
log2 transformation, which allows for easier analysis of
many genes with low transcription levels.

We found that the homoeologs within the A, B and D
subgenomes frequently showed highly similar transcrip-
tional profiles (e.g., TaE(z)-4A1, Bl, DI1; TaE(z)-7A1.2,
B1.2, D1.2; TaBMII-Al, B1, DI1; and TaBMII-A2, B2,
D2; TaMSI1-Al, B1, DI). This suggests that the develop-
mental regulation established in the progenitor species
still exists in the subgenomes of modern wheat and indi-
cates a low degree of functional differentiation between
homoeologous gene copies. A possible exception is that
Su(z)-2B2, for which 61.82 TPM in anthers (R_anthesis_
anther) was obtained, had by far the highest value
among all genes in the analysis. Indeed, this mRNA level
was 5-fold higher than for its homoeolog Su(z)-2A2
(TPM 12.39) at the same experimental point. However,
both genes showed similar mRNA levels in all other tis-
sues (note that Su(z)-2D2 was not found in the T. aesti-
vum genome). Although the RNA-seq data provided a
solid support for the transcription of many PRC1 and
PRC2 genes, there were also copies that were hardly
transcribed in the set of the analyzed tissues, and this
held true even for the entire homoeologous group. For
example, TaE(z)-7A1.2, B1.2, and D1.2 copies, represent-
ing orthologs of Arabidopsis CLF, were largely not
expressed throughout development; in contrast, the
TaE(z) homoeologs on chromosome 4, representing
orthologs of Arabidopsis SWN, were among the genes
with the highest TPM values. A slightly different pattern
was observed for TaMSI1-A2, B2 and D2 and TaMSII-
Al, BI and DI, representing tissue-specific and general
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Fig. 1 Schematic representation of the conserved protein domain architecture of Polycomb group (PcG) complexes. The in silico identification of
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conserved protein domains among Arabidopsis thaliana (At), Hordeum vulgare (Hv), Triticum dicoccoides (Td) and Triticum aestivum (Ta). Proteins in
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MSI groups, respectively. However, such correlations
were not universally applicable to all homologs of one
PRC1 or PRC2 subunit. Clustering by tissues (log2 plot)
revealed three main groups, though the differences were
relatively few. The first two blocks (from left to right in
Fig. 4) consisted mainly of tissues from plants in the re-
productive stage and were characterized by the expres-
sion of only specific copies. Conversely, the third cluster
contained more tissues from seedling and vegetative-
stage plants, which expressed the highest number of
PRC1 and PRC2 components.

Discussion
Plant PcG proteins participate in developmental pro-
cesses, for example, the transition from the vegetative to

the generative stage, flowering and seed development
[31, 60, 61]. PcG proteins form groups of Polycomb re-
pressive complexes such as PRC1 and PRC2. PRC2 con-
trols chromatin remodeling through the methylation of
histone H3K27 [5]. This epigenetic marker of repressed
genes is quite common. It has been reported that nearly
4500 (16%) genes in Arabidopsis carry the repressive
mark H3K27me3 [62, 63]. In monocots, many genes are
also marked with H3K27me3. Interestingly, a significant
level of concurrence between the repressive mark
H3K27me3 and transcription level has been reported in
rice, where the majority of H3K27me3 marks (almost
85%) is associated with genic regions. In fact, nearly 53%
of H3K27me3-marked genes are expressed, and it was
revealed that the gene expression level correlated with
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Fig. 2 Phylogenetic analysis of the plant PRC2 components E(z) (a), Su(@) (b), FIE (c) and MSI (d). The analysis was performed using the maximum
likelihood method and JTT matrix-based model in MEGA X. The bootstrap consensus tree was inferred from 1000 replicates. E(2) tree is midpoint
rooted. Su(z), FIE and MSI trees are rooted in the outgroup Drosophila melanogaster (Dm). Aegilops tauschii (Ata), Arabidopsis thaliana (Ath),
Brachypodium distachyon (Bd), Helianthus annuus (Ha), Nicotiana attenuata (Na), Populus trichocarpa (Pt), Solanum lycopersicum (SI), Sorghum
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the ratio of H3K4me3/H3K27me3 and H3K27me3/
H3K4me3 [64]. In maize, H3K27me3 is also present
mostly in gene-dense chromosome arms and it targets
genes with an important regulatory role [65]. In barley,
high densities of H3K27me3 were found in telomere-
proximal regions, covering both genes and intergenic
DNA, where this mark specifies facultative heterochro-
matin. Similar to rice and maize, H3K27me3 preferen-
tially covers unexpressed genes but is not exclusive to
them and can also be found on some transcriptionally
active genes [66]. Despite the possibility of such a com-
plex pattern, potential artifacts caused by tissue-specific
differences in H3K27me3 and/or different sensitivities of
the ChIP and transcriptomic methods may occur.
Conservation of H3K27me3 targets among plant spe-
cies has been suggested. The targets of H3K27me3 in
maize [65] were compared with genes marked with
H3K27me3 in Arabidopsis [39] and rice [64]. It was

found that 34% of maize genes that have homologs in
Arabidopsis were marked with H3K27me3 in both
plants. The number of homologous genes marked with
H3K27me3 in both monocot species (rice and maize)
was almost two times higher than that in Arabidopsis
[65]. PRC2 also plays a key role in the vernalization re-
sponse in Arabidopsis. Before vernalization, expression
of the major flowering promoter FLOWERING LOCUS
T (FT) is repressed by high levels of FLC, but cold treat-
ment triggers PRC2-dependent silencing of FLC, which
is associated with increased levels of H3K27me3 [37,
67]. When FLC becomes inactive, expression of FT is
initiated and triggers the transition to flowering
(reviewed in [68]). In contrast, H3K27me3 marks are
present at high levels before vernalization in temperate
cereals [52, 53, 69], possibly due to PRC2 activity, as
suggested by [70]. This may result in chromatin compac-
tion and VRNI repression. During the cold period, the
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Fig. 3 Phylogenetic analysis of the plant PRCT components LHP1 (a), RINGT (b), BMIT (c) and EMF1 (d). The analysis was performed using the
maximum likelihood method and JTT matrix-based model in MEGA X. The bootstrap consensus tree was inferred from 1000 replicates. Trees are
rooted in the outgroup Drosophila melanogaster (Dm), with the exception of the EMF1 tree, which is rooted in Arabidopsis thaliana (Ath). Aegilops
tauschii (Ata), Brachypodium distachyon (Bd), Hordeum vulgare (Hv), Oryza sativa indica (Osl), Oryza sativa japonica (Os)), Triticum aestivum (Ta),
Triticum dicoccoides (Td), Triticum urartu (Tu) and Zea mays (Zm)

H3K27me3 mark disappears, resulting in chromatin re-
modeling, which may enable expression of VRNI. Con-
sequently, the transition from the vegetative to the
reproductive stage can occur. The study of molecular
mechanisms such as vernalization is hampered by a lack
of detailed information about PcG components in bread
wheat. Based on homology searches, we identified and
located putative PRC2 and PRC1 genes in bread wheat.
Most of the subunits were found to be homoeologs in all
three wheat subgenomes (A, B and D).

The chromosomal positions of the wheat PRC2 com-
ponents corresponded with the previously reported
PRC2 genes in barley [49]. Interestingly, several paralogs
were found on the same chromosome, and paralogs lo-
cated on different chromosomes were also found. These
multiple sites could be explained by the allohexaploid
nature of the wheat genome, which has undergone fre-
quent chromosomal rearrangements. Comparison be-
tween individual paralogs also revealed shortened
proteins (Additional file 4: Table S3, Additional file 2:
Fig. S1) and distinct low to high expression levels. These
findings indicate the possible alteration and/or subfunc-
tionalization of the genes. We also identified paralogs
that differ with regard to the distance between individual
copies. TaSu(z)-2A1 and TaSu(z)-2A2 are separated by
more than 1.1 Mb, whereas two copies of TaFIE genes
(TaFIE-7A2.1 and TaFIE-7A2.2) are separated only by a

region of 37 kb (Additional file 1: Table S1), which indi-
cates that different mechanisms contribute to gene du-
plications in wheat. Unfortunately, their expression level
based on the expVIP database is minimal.

Interestingly, E(z) paralogs were identified on chromo-
some groups 4 and 7. A translocation between chromo-
somes 4 and 7 has been reported [54, 56]. Briefly, the
structure of present-day wheat chromosome 4 is an il-
lustrative example of dynamic chromosomal rearrange-
ments within the allohexaploid wheat genome. The final
composition of the chromosome resulted from the peri-
centric inversion of the ancient long arm, which became
a modern short arm, and the subsequent translocation
from 5AL and 7BS completed the rearrangement of the
chromosome. In agreement with this, the copy of the
TaFIE-4A1 gene maintained a closer phylogenetic rela-
tionship to the homologs on the 7AS chromosome
(TaFIE-7A2.1 and TaFIE-7A2.2) (Fig. 2c).

Moreover, the phylogenetic analysis revealed that
genes on chromosome 4 are putative orthologs of
AtSWN but that genes on chromosome 7 are closer to
AtCLF. Protein alignment of conserved domains from
Arabidopsis SWN and CLF with domains from TaE(z)
revealed nine independent diagnostic changes of amino
acids in the catalytic SET domain. These nine positions
are shared by AtSWN and TaE(z) copies on chromo-
some 4 versus AtCLF and TaE(z) copies on chromosome
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7 (Additional file 5: Fig. S2). This indirectly suggests that
CLF- and SWN-like proteins already existed prior to the
evolutionary split of monocots and dicots [71]. CLF and
SWN are largely functionally redundant in Arabidopsis,
and their simultaneous knockout in plants results in the
production of callus-like structures containing somatic
embryos [72]. Currently, the extent of functional redun-
dancy between the TaSWN-like and TaCLF-like groups
is unknown, but TaSWN-like homoeologs are more
strongly expressed than are TaCLF-like homoeologs,
which contrasts with the pattern in Arabidopsis [73].
There was also a substantial difference in mRNA levels
(up to 11-fold) between CLF-like paralogs on chromo-
some 7, which may indicate that the cis-regulatory

elements of some copies were either mutated or lost. Fu-
ture experiments will reveal whether such copies may be
either subfunctionalized at the tissue-specific level or
progressing toward removal from the bread wheat gen-
ome. Analysis of the expression profile showed that not
all paralogs representing individual core components
were expressed similarly, though there was always at
least one gene with a high expression level. This may be
because the paralog sequences were not identical (Add-
itional file 2: Fig. S1); therefore, their function and ex-
pression might be altered.

Unlike the identification of LHP1, RING1 and BMI1,
which assemble the core components of plant PRC1, the
identification of other plant-specific proteins that may
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be part of this complex was difficult. The chemical prop-
erties and functions of EMF1 are similar to those of Psc
in Drosophila and its ortholog, BMI1, in Arabidopsis
[74]. The poorly conserved sequence of EMF1 does not
display significant homology with any other proteins of
known function [19]. There are no annotated domains
in EMFI, but five conserved motifs shared by the entire
EMF1 orthologous group were predicted [17, 23]. Des-
pite the presence of EMF1 in both monocots and eudi-
cots [17, 19, 23], no direct homolog was found in T.
aestivum using the EMF1 protein sequence from Arabi-
dopsis for homology searches. Therefore, we used a se-
quence of a monocot plant (maize), suggesting that
EMEF1 is less conserved among dicots and monocots.
AtVRNI, which was assigned in previous studies to
PRC1 [18, 75], was shown to be absent in monocots
[23]. In Arabidopsis, AtVRNI plays an important role in
vernalization. It should be emphasized that the
VERNALIZATIONI (VRNI) gene in wheat is not related
to VRNI in Arabidopsis but is homologous to APE-
TALAI, CAULIFLOWER and FRUITFUL (API, CAL,
and FUL), with no role in Arabidopsis vernalization [76].
However, when the AtVRN1 protein sequence from
Arabidopsis was used for a homology search in wheat,
similar proteins with genes located on chromosomes 5A,
5B and 5D were obtained. These proteins contain four
B3 domains, whereas the AtVRN1 protein in Arabidop-
sis contains only two domains. In summary, all core sub-
units of PRC1 (consisting of LHP1, RING1, and BMI1 in
monocots) in bread wheat were identified. The identifi-
cation of the plant-specific proteins EMF1 and VRNI re-
mains less evident. Individual subunits of PRC1 also
share conserved protein domains between paralogs, but
not all paralogs had the same expression level, indicating
differentiation at the cis-regulatory level.

Conclusions

The identification of individual PcG components in bread
wheat will help to reveal the molecular mechanisms of im-
portant biological processes. More detailed studies (ex-
pression studies, sequence variation among wheat
cultivars, etc.) will be necessary to reveal the possible func-
tional divergence of single genes, including paralogs, and
their putative role in the formation of Polycomb repressive
complexes affecting plant development.

Methods

In silico PcG component identification

T. aestivum PcG component protein sequences were ob-
tained by BLAST searches of the T. aestivum genome in
Ensembl Plants (http://plants.ensembl.org/index.html)
using A. thaliana protein sequences with default param-
eters. Protein sequences for all studied species that were
not available in databases were in silico reconstructed
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from the genomic sequences according to the T. aestivum
reference (cultivar Chinese Spring) obtained from Ensembl
Plants by local blastn with genomic data of T. urartu and
Ae. tauschii. Data for T. dicoccoides were obtained from
Ensembl Plants. The obtained nucleotide sequences were
aligned to the T. aestivum sequence by MAFFT multiple
aligner (version 1.3.3) in Geneious 8.1.9 software https://
www.geneious.com using default settings. After alignment
of genomic sequences, coding sequence (CDS) regions were
extracted and translated into proteins. Some genomic se-
quences are not well assembled, and thus, a sequence cor-
responding to the reference was sometimes scattered to
several scaffolds/contigs. Such genes were reconstructed by
extracting partial sequences from several scaffolds, concat-
enating the CDS regions and translating them into proteins
(Additional file 4: Table S3).

Protein sequences for Hordeum vulgare were obtained
from GenBank https://www.ncbi.nlm.nih.gov/ and barley
DB [58]; proteins for B. distachyon, Helianthus annuus,
Nicotiana attenuata, Oryza sativa japonica, Oryza sativa
indica, Populus trichocarpa, Solanum lycopersicum and
Z. mays were obtained from UniProt (https://www.uni-
prot.org/) and Ensembl Plants. All sequences used in the
phylogenetic studies are provided in Additional file 4:
Table S3.

Reciprocal BLAST searches of identified wheat PcG pro-
teins were performed against the A. thaliana database
TAIR10 within EnsemblPlants (https://plants.ensembl.org/
Arabidopsis_thaliana/Info/Index) to validate the results.

Phylogenetic analysis

Protein alignments for phylogenetic analysis were con-
ducted in MEGA X [77] by ClustalW. For all genes in
the PRC1 and PRC2 complexes, the evolutionary history
was inferred using the maximum likelihood method and
JTT matrix-based model [78] in MEGA X [77]. The
bootstrap consensus tree inferred from 1000 replicates
[79] is taken to represent the evolutionary history of the
taxa analyzed [79]. Sequences of Drosophila PcG pro-
teins were used as outgroups for all trees besides EMF1
where Arabidopsis sequence was used as outgroup. All
phylogenetic trees were rooted in the outgroup except
E(z), which were rooted at the midpoint.

Transcriptomic analysis

The RNA-seq database “expVIP” http://www.wheat-ex-
pression.com was used as a data source for expression
analysis of individual PcG core subunits [80, 81]. We
used data collected from roots, leaves/shoots, spikes and
grains of the spring wheat cultivar Azhurnaya at 58 dif-
ferent time points, corresponding to a total of 22 tissues
or organs (Additional file 3: Table S2). The data for the
Azhurnaya cultivar represent the developmental time-
course, and only data collected from three and more
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biological replicates were used. Heatmaps were con-
structed in R software (https://www.r-project.org/) using
gplots, heatmap3 and RColorBrewer packages. Both the
genes and the developmental stages were clustered based
on the similarity of their mRNA amounts at different ex-
perimental points.

Protein domain identification

The SMART http://smart.embl.de/ (in mode normal
SMART) [82] and PFAM http://pfam.xfam.org/ [83]
protein databases were used to predict conserved protein
domains of the PRC2 and PRC1 components of A. thali-
ana, H. vulgare, T. dicoccoides and T. aestivum. A mul-
tiple sequence alignment of all found homologous
proteins for each PRC2 and PRC1 subunit of A. thali-
ana, H. vulgare, T. dicoccoides and T. aestivum was car-
ried out using MAFFT v7.388 [84, 85].
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