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The epigenetic memory is an essential aspect of multicellular organisms to maintain several cell types and their gene
expression pattern. This complex process uses a number of protein factors and speciﬁc DNA elements within the
developmental cues to achieve this. The protein factors involved in the process are the Polycomb group (PcG)
members, and, accordingly, the DNA sequences that interact with these proteins are called Polycomb Response
Elements (PREs). Since the PcG proteins are highly conserved among higher eukaryotes, including insects, and
function at thousands of sites in the genomes, it is expected that PREs may also be present across the genome. However,
the studies on PREs in insect species, other than Drosophila, is currently lacking. We took a bioinformatics approach to
develop an inclusive PRE prediction tool, ‘PRE Mapper’, to address this need. By applying this tool on the Drosophila
melanogaster genome, we predicted[20,000 PREs. When compared with the available PRE prediction methods, this
tool shows far better performance by correctly identifying the in vivo binding sites of PcG proteins, identiﬁed by
genome-scale ChIP experiments. Further analysis of the predicted PREs shows their cohabitation with chromatin
domain boundary elements at several places in the Drosophila genome, possibly deﬁning a composite epigenetic
module. We analysed 10 insect genomes in this context and ﬁnd several conserved features in PREs across the insect
species with some variations in their occurrence frequency. These analyses leading to the identiﬁcation of PRE in insect
genomes contribute to our understanding of epigenetic mechanisms in these organisms.
Keywords. Polycomb Response Elements; PRE Mapper; genome organization; epigenetic memory; insect
genomes; Drosophila

1. Introduction
In the early development of a multicellular organism,
various cell lineages are established by altering the
transcriptional status of genes in response to developmental cues. In a given cell type or lineages, only a
subset of genes are expressed, and others are kept
silent. Once established, these cells must remember
their transcriptional status in subsequent generations or
till further differentiation signals are received (Francis
and Kingston 2001; Ringrose and Paro 2004; Kohler
and Villar 2008; Prezioso and Orlando 2008). This
memory process is achieved by placing speciﬁc epigenetic/histone modiﬁcations at the respective DNA
regions (Li et al. 2007). The DNA sequences that serve
This article is part of the Topical Collection: Chromatin
Biology and Epigenetics.
http://www.ias.ac.in/jbiosci

as a template for the propagation of this epigenetic
memory are collectively called as ‘epigenetic cellular
memory elements’. Since they act via a set of regulatory proteins, namely, the Polycomb/Trithorax group
proteins, they are also known as Polycomb/Trithorax
Response Elements (P/TRE).
The Polycomb Group (PcG) proteins propagate and
maintain the repressed state of gene expression, while
their antagonists, the Trithorax Group (TrxG) proteins
maintain the active state. Interestingly, they both work
with the same DNA segment, making the PREs and
TREs indistinguishable. The developmental cues or
upstream signals set the initial expression pattern as
active or silent, and, accordingly, the histones are
modiﬁed by PcG or TrxG proteins that are recruited to
the P/TRE sites (Papp and Muller 2006). Upon
recruitment, the Polycomb proteins condense the
chromatin region and prevent gene expression. The
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assembly of Trithorax proteins, however, remodels the
chromatin and enables the gene activation (Papp and
Muller 2006). In the case of embryonic stem cells in
mouse, the key regulator genes are ‘bivalently marked’,
having both activation and repressive marks on their
histones at P/TREs (Bernstein et al. 2006; Schuettengruber and Cavalli 2009).
The PREs were experimentally identiﬁed as cisregulatory elements that alter the homeotic gene
expression in Drosophila, and characterised in transgenic assays (Chan et al. 1994). The Drosophila
bithorax complex has a major collection of PREs,
including Fab-7 (iab-7), Mcp, iab-2, and bxd PREs.
These PREs function as memory elements to maintain
the segment-speciﬁc expression pattern of the three
homeotic genes, Ubx, abd-A and Abd-B. While comparing the Mcp and Fab-7 regions of Drosophila
bithorax complex, Karch et.al (1994), noticed a
sequence motif that is common to Mcp and Fab-7
PREs (Karch et al. 1994). Later, Mihaly et al. (1998),
extended this comparison to several other PREs and
found its presence in other known PREs. The same
motif turned out to be responsible for the recruitment of
PHO (Pleiohomeotic) protein (Mihaly et al. 1998).
This motif and its interaction with Pho and/or Phol
seem to be essential for PRE function (Brown et al.
1998, 2003a, b). The mutation of Pho binding motifs in
assayed PREs abolishes their function (Kassis 2002;
Fujioka et al. 2008).
Further studies have found additional proteins that
are recruited by the PREs either by DNA–protein or by
protein–protein interactions. The proteins that are
assembled on PREs via DNA–protein interaction
include, GAF, Dsp1, Zeste, Grh and Sp1/KLF (Strutt
et al. 1997; Mishra et al. 2001; Brown et al. 2005;
Dejardin et al. 2005; Blastyak et al. 2006; Ringrose
and Paro 2007). The several other proteins, including
the Polycomb protein, are assembled at PRE sites, but
by protein–protein interactions. This includes the
components of the three PcG protein complexes,
namely the PRC1, PRC2 and PhoRC complex
(Schuettengruber et al. 2007). This co-occupancy of
multiple polycomb proteins at P/TRE sites requires
closely placed DNA sequence motifs that can recruit
various PcG proteins, including the key component,
Pho/Phol.
This arrangement of motifs in PREs has provided a
way to their genome-wide identiﬁcation using computational approaches. Ringrose et al. (2003) developed a P/TRE prediction method (PREdictor) for
Drosophila, which uses the sequence motifs of GAF,
Pho, Engrailed PRE motif (EN1) and Zeste proteins

(Ringrose et al. 2003). PREdictor identiﬁed 167 PREs,
the majority of which coincided with previously published polytene chromosome bands of Polycomb protein staining. The experimental validations by ChIP
assays for PcG protein occupancy and transgene based
pairing-sensitive repression assays in Drosophila
strongly supported the functional relevance of the
predicted P/TREs.
Later, a Java-based standalone version of PREdictor
was published as jPREdictor, which offered improvements over the original tool and a graphical user
interface (Fiedler and Rehmsmeier 2006). Overall,
these two motif-based search tools offer a reliable
prediction for PREs in Drosophila. However, they miss
several potential PREs, which are expected at places
where polycomb repressive domains are mapped
(Schwartz et al. 2006; Tolhuis et al. 2006). Further, a
Support Vector Machine (SVM) based approach,
EpiPredictor, was developed by Zeng et al. (2012) for
polycomb target prediction on the Drosophila genome.
The EpiPredictor identiﬁed 322 polycomb targets in the
Drosophila genome. It showed an improved performance (by [10%) over the jPREdictor tool.
While these bioinformatics based prediction tools
offer a fair amount of accuracy, they miss hundreds of
potential P/TREs that may be present in the Drosophila
genome (Negre et al. 2006; Schwartz et al. 2006; Tolhuis et al. 2006). With multiple cell types and their
distinct transcriptional programmes, any multicellular
organism is likely to have several thousand P/TREs in
their genome to maintain the efﬁcient transcriptional
memory. Thus, there is a clear need for the improvement
of existing tools or development of new tools for PRE
identiﬁcation. Here, we re-visit this problem and report
the development of a method, PRE Mapper, that is more
sensitive and can identify a near-complete set of PREs in
the Drosophila genome. We also show that PRE Mapper
can be effectively used for other insect species.
2. Materials and methods
2.1 Positive data set, the known PREs
Our positive data set includes sixteen known PREs that
were previously identiﬁed through experimental methods
in Drosophila: bxd, iab-2, Mcp, iab-8 PREs, U31961
(218249–219807 170000–173000 109688–114288
62380–63788) (Karch et al. 1994; Barges et al. 2000;
Ringrose et al. 2003). iab-7, X78983.1 (2654–3520)
(Mishra et al. 2001). The Scr10Xba.1, Scr10Xba.2,
Scr8.2Xba PREs from AE001572.1 (161142–163700
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169500–170718 169500–170718), engrailed_Dm PRE
region from GenBank ID M29285.1 (459–2003), engrailed_Dv PRE region from M29286.1 (487–2327), ph p
and ph d sequence from Z98269.1 (14651–16619
2069–4446) (Ringrose et al. 2003). vg 1.6kb, chr2R:
8792050–8793632, BDGP R5/dm2 (Okulski et al. 2011),
inv1 chr2R:7356765–7358045, inv4 chr2R:7362342–
7363954, inv5 chr2R:7363513–7365057, BDGP R5/dm2
(Cunningham et al. 2010).

2.2 Negative data sets
We used three different negative data sets: 1. Enhancers, 2. Boundary Elements, and 3. Promoter sequences
to validate the PRE Mapper tool.
2.2.1 Enhancer sequences: We selected 10 enhancer
sequences from the REDﬂy database (Rivera et al. 2019)
and obtained their sequences: 1. ct wing margin enhancer
2693 bp, NC_004354.3 (7422229–7424921), 2. Ddc distal enhancer, 864 bp, NT_033779.4 (19121065–19
121928), 3. Ubx BXD enhancer 1594 bp, NT_033777.2
(12574681–12576274), 4. Prd P1 enhancer, 602 bp,
NT_033779.4, (12087891–12088492), 5. Kni L2 enhancer 1361 bp, NT_037436.3 (20699780–20701140), 6. Vg
boundary enhancer, 755 bp, NT_033778.3 (8776379–
8777133), 7. Wg spd[fg] enhancer 1232 bp, NT_033779.4
(7297494–7298725), 8. Yp1 fat body enhancer, 127 bp,
NC_004354.3 (9947561–9947687), 9. Pros eye enhancer
1361 bp, NT_037436.3 (20699780–20701140), 10. Ndg
FC enhancer, 643 bp, NT_033778.3 (6203140–6203782).
2.2.2 Boundary element sequences: A set of nine
boundary element sequences were pooled to make a
boundary negative dataset, their size, sequence IDs and
sequence coordinates are given here: 1. Fab-7 1228 bp,
U31961 (83666–84894), 2. Fab-8, 802 bp, U31961
(63785–64586) (Kuhn et al. 2003), 3. SCS 1798 bp,
X63731 (1–1798), 4. SCS’ 1122 bp, X63732 (1–1122)
(Farkas and Udvardy 1992), 5. Gypsy, 431 bp,
AF033821.1 (647–1077) (Kuhn et al. 2003), 6. 2L203, 624 bp, AE014134.5 (4179327–4179950), 7. X103, 584 bp, AE014298.4 (13240824–13241407), 8. y454, 454 bp, AE014298.4 (255315–255768) (Ramos
et al. 2006), 9. BE28 1138 bp, AC007930
(41688–42825) (Cuvier et al. 2002).

2.2.3 Promoter sequences: We constructed a promoter
sequence set with 11 gene promoter sequences. The
sequence IDs and their positions follows: 1. hsc70–1,
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871 bp, AE003536.4 (224561–225431), 2. hsp22,
369 bp, AE003552.4 (184572–184940), 3. hsp23
2460 bp, AE003552.4(190362–192821), 4. hsp26,
945 bp, AE003552.4 (188111–189055), 5. hsp67B,
615 bp, AE003552.4 (183240–183854), 6. hsp68
1217 bp, AE003746.3 (25889–27105), 7. hsp83,
699 bp, AE003477.3 (128230–128928), 8. linotte
1609 bp, AE003662.3 (14009–15617), 9. Polycomb,
552 bp, AE003594.3 (44604–45155), 10. rosy
1102 bp, AE003698.3 (110679–111780), 11. yellow
7009 bp, AE003417.4 (105668–112676) (Ringrose
et al. 2003).
2.3 PRE Mapper tool
The PRE Mapper tool is developed in Perl programming language, and it should run on any computer
(operating system) that has Perl installed on it. The tool
uses FASTA formatted sequence as input and produces
three different text outputs (Sequence, PRE table, PRE
Motif Summary). The tool searches for PREs at a set
window size of 750 bases, 10 base increment, to scan
over the sequences. The tool’s algorithm collects the
hits that fulﬁl the conditions for any one of the three
PRE categories (described in the Sect. 3) in the initial
run and further merges the overlapping hits to produce
the ﬁnal output. The tool is available at http://e-portal.
ccmb.res.in/e-space/rakeshmishra/PRE_Mapper.html
for download.
2.4 Drosophila genome sequences
We used different release versions of the Drosophila
melanogaster genome such as BDGP Release 4/dm2,
Release 5/dm3, Release 6/dm6 that are available in the
UCSC genome browser (Speir et al. 2016). The 11
non-melanogaster Drosophila species genomes
sequences were downloaded from the FlyBase
(FB2011_05 Release) (Srinivasan and Mishra 2012).
The downloaded genome sequences were ﬁltered for
smaller sequences and the contigs that are larger than
200 kb were retained for further analysis.

2.5 Non-Drosophila insect genome sequences
We used multiple databases and resources to download
the 10 non-Drosophila insect genomes. The Ceratitis
capitate genome (version dated 6th September 2013,
Ccap01172013-genome) and Mayetiola destructor
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(Mdes_1.0) were downloaded from BCM-HGSC i5K
pilot project FTP site, ftp://ftp.hgsc.bcm.edu/ (i5K
Consortium 2013; Zhao et al. 2015; Papanicolaou et al.
2016), Musca domestica (Aabys, MdomA1 assembly),
Anopheles gambiae PEST (AgamP4), and Pediculus
humanus (USDA strain, PhumU2) genomes were
downloaded from VectorBase, www.vectorbase.org
(Giraldo-Calderón et al. 2015). The Bombyx mori
(v2.0) genome was obtained from SilkDB FTP site ftp://
silkdb.org/ (Duan et al. 2010). Tribolium castaneum
(Tcas_3.0), Apis mellifera (Amel_4.5) genome sequences were downloaded from NCBI FTP site,
ftp.ncbi.nih.gov. The Nasonia vitripennis (Nvit_1.0)
genome was retrieved from NasoniaBase (Werren et al.
2010; Elsik et al. 2018). Acyrthosiphon pisum (assembly2) genome was downloaded from the AphidBase
website (International Aphid Genomics 2010).

Table 1. PRE binding proteins and sequences of their
recognition motifs

S. no.

DNA
binding
proteins

1

Pho

2
3
4
5
6
7
8

2.6 Comparison analysis with other ChIP datasets
We used the UCSC genome browser to view PRE
Mapper predictions along with gene annotations, and
other features such as protein binding, DNase I hypertensive sites, etc. For the region of our interest, the
images were downloaded as EPS (Postscript) ﬁles and
processed with the Adobe Illustrator software. We used a
custom written Perl script for comparing the overlapping
features and derived the percentage of overlap.
2.7 Engrailed gene locus analysis
We used Drosophila engrailed protein sequence (552aa),
NP_523700.2, as a query sequence and performed
standalone TBLASTN search analysis on a locally made
DNA database of insect genome sequences. The region
that gave a hit with engrailed protein was identiﬁed and
selected for PRE plotting analysis. Using the start codon
position as a centre point a bi-directionally expanding
plot (10 kb limit) was drawn for each insect species. All
the species plots were compiled on a single image for
cross-comparison and analysis.

3. Results
3.1 PRE Mapper, an inclusive tool for PRE
identiﬁcation in Drosophila
We surveyed for proteins that bind to PREs and
obtained their binding DNA motifs (table 1). The list

9

Motif sequence#

References

CNGCCATNDNND Mihaly et al.
(1998)
GAF
GAGAG
Strutt et al.
(1997)
DSP1
GAAAA
Dejardin et al.
(2005)
Zeste (Z) YGAGYG
Ringrose et al.
(2003)
Sp1/KLF RRGGYG
Brown et al.
(2005)
Cg
GTGTGT
Okulski et al.
(2011) and Ray
et al. (2016)
ADF1
KCRRCRGCRRCR Orsi et al. (2014)
Grh
TGTTTTTT,
Blastyak et al.
WCHGGTT
(2006) and
Kassis and
Brown (2013)
GSNMACGCCCC* Ringrose et al.
(2003)

#

Motifs are represented as IUPAC codes of DNA.
*This motif, EN1 is found in engrailed PRE.

includes the DNA-binding proteins, Pho (Mihaly et al.
1998), GAF (Strutt et al. 1997), Dsp1 (Dejardin et al.
2005), Sp1 (Brown et al. 2005), Zeste (Ringrose et al.
2003), Grh (Blastyak et al. 2006; Kassis and Brown
2013), Adf1 (Orsi et al. 2014) and Cg (Okulski et al.
2011; Ray et al. 2016). We collected well characterised
PRE sequences and analysed their motif DNA content
(table 2) and clustering patterns to develop a logic for
computational tool, that can identify the maximum
number of PREs in Drosophila. Here, we observed that
all the analysed PREs contain a minimum of 5 different
DNA motifs, and Pho, GAF, Dsp1, Sp1, and
Zeste(Z) motifs occur in all the PREs (ﬁgure 1). We
also notice the exception that inv4 PRE doesn’t contain
any consensus Pho motif as reported earlier, but the
same PRE had been shown to bind the Pho protein
in vitro (Cunningham et al. 2010). It is possible that
Pho protein uses an alternative motif (Cunningham
et al. 2010), or the inv4 PRE depend on other motifs
like Cg, GAF, Dsp1, Sp1, and Zeste, which are present
in this PRE. We decided to include all possible settings
that capture such PREs in the genome. Based on these
observations, we developed a computational logic,
PRE Mapper, where motif clusters are called under
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Table 2. PREs and their motif content

PRE
bxd
iab-2
Mcp
iab-8
iab7
Scr10Xba.1
Scr10Xba.2
Scr8.2Xba
vg 1.6kb
engrailed_Dm
engrailed_Dv
ph_d
ph_p
inv1
inv4
inv5

Size
(bases)
1559
3001
4601
1409
867
2559
1219
5298
1583
1545
1841
2378
1969
1281
1613
1545

Pho GAF DSP1 Sp1
2
2
5
1
3
4
1
1
2
2
3
1
1
2
0
2

12
10
2
1
3
6
4
7
8
8
3
8
7
5
8
3

12
25
28
16
5
18
8
40
11
10
8
17
17
9
4
4

2
12
11
2
3
4
2
11
5
6
4
9
7
4
8
8

Z
3
13
7
1
3
8
1
11
7
7
5
5
4
2
6
3

Cg ADF1 EN1
0
5
3
1
0
1
1
6
8
1
8
1
5
5
2
0

0
0
1
0
0
0
0
0
0
0
3
0
0
0
0
3

1
0
1
0
0
0
0
1
0
1
1
0
0
0
1
0

Grh
(1)

Grh
(2)

No. of
motifs

Average
gap

0
1
0
0
0
1
0
1
0
0
1
2
1
1
0
0

1
2
4
0
0
3
2
6
3
4
2
0
1
0
0
0

33
70
62
22
17
45
19
84
44
39
38
43
43
28
29
23

46
42
73
54
45
55
52
61
33
37
45
54
42
44
41
62

Figure 1. Motif composition of Polycomb Response Elements. Eight different PREs maps are drawn to scale, and DNA
motifs recognised by PRE binding proteins are as shown by colour coded rectangles and mapped on each PRE at their
respective positions. The DNA sequence of each motif used for mapping is given in table 1.

three different categories: 1. Pho-distinct cluster (Pho,
GAF, DSP1, Zeste, Sp1 motifs), 2. Pho-generic cluster
(Pho ? four other motifs), 3. Cg or Pho-independent
cluster (two Cg motifs ? four other motifs). These
motif-guided clusters offer better performance over
random or single motif clusters, which were shown
earlier as an insufﬁcient method for PRE prediction
(Ringrose et al. 2003). To get nested clusters of motifs,
we also applied an average-gap criterion that is speciﬁc
to each category (table 3).
We tested PRE Mapper tool on positive data sets
consisting of known PREs, and negative data sets
including other regulatory elements such as boundaries,
enhancers and promoters. PRE Mapper identiﬁed all

the 16 positive data set sequences as PRE hits. For the
negative data sets, PRE Mapper picked one enhancer as
a hit out of 10 that were subjected for testing. For the
boundaries, out of the nine tested, one showed as a hit.
We also included eleven promoters for the test and got
one hit. Overall, these tests translate a 10% (3/30) false
positives discovery rate. Considering the negative
datasets such as boundaries, enhancers, and promoters
are closely linked with PRE function, this 10% false
discovery rate may also be relevant.
We applied PRE Mapper tool on Drosophila melanogaster genome (release 6/dm6) and retrieved 22,250
hits as potential PREs under set conditions (750 bp
window size and 10 bp window increment). Similarly,
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Table 3. PRE motif clusters and conditions applied on
PRE Mapper tool

Motif
cluster
1 Phodistinct
cluster
2 Phogeneric
cluster
3 Cg
cluster

No. of
motifs
required

Average
gap
maximum

Pho, GAF, DSP1,
Zeste, Sp1

10

60

Pho ? four different
protein motifs

16

40

Two Cg
motifs ? four
different protein
motifs

16

40

Motif combinations

for the previous versions of the Drosophila melanogaster genome, we obtained 20,934 (release 5/dm3),
and 20,781 (release 4/dm2) PREs, respectively. The
older versions of Drosophila genomes are being used
for overlaying with other genomic features, such as
protein binding and histone modiﬁcation data sets on
browsers like UCSC. Therefore, we have included
these older versions of the Drosophila melanogaster

genomes for PRE search analysis too. The average size
obtained for PRE Mapper tool identiﬁed PREs is 1068
bases (release 5/dm3), and it matches with experimentally identiﬁed PRE sizes.
The number of PREs obtained per 100 kb of DNA is
17 for the whole genome, and this number almost gets
doubled for the bithorax complex of Drosophila melanogaster. As shown in ﬁgure 2, the 314 kb bithorax
complex region has 82 PRE hits, while the adjacent
region with similar size and more number of genes has
44 PRE hits. This indicates that the Hox genes are
tightly regulated by the polycomb mechanism, and the
abundant PREs over there may play a crucial role in the
regulatory process.

3.2 ‘Pho-motif independent’ PREs contribute
to one-ﬁfth of the predicted PREs
All the known Drosophila PREs are shown to be Pho
centric, and very little information is available on Phomotif independent PREs. The genome as big as Drosophila might have alternative proteins that may play
PRE anchoring role in regions where Pho sites are
mutated or lost during the evolutionary process. To

Figure 2. Drosophila Bithorax Complex (BX-C) is enriched with PRE-like sequences. A 628 kb region of chromosome 3R
(12482000–13110000) of Drosophila melanogaster comprising BX-C (314 kb) and an adjacent region with the equal size is
shown to the scale. The PRE Mapper PREs are plotted on the top panel, and a Polycomb protein ChIP binding proﬁle from
BG3 cells (obtained from modENCODE, Accession No. modEncode_325) and the FlyBase annotated protein-coding genes
are shown in middle and lower panels, respectively. The BX-C region with 82 hits for PREs, while the adjacent gene-rich
region of similar size has only half of that, 44 hits.

Polycomb Response Elements in insects

Figure 3. Pho-motif independent Gg PRE regions are
bound by PcG proteins. C15 gene and its upstream region
from chromosome 3R are shown to the scale. A PRE (black
rectangle) that is devoid of any Pho motif is mapped along
with PC, PSC, Ez ChIP-chip binding (Schwartz et al. 2006)
for comparison. The PRE coincides with PC, PSC, E(z) peak
positions.

explore this aspect, we accounted for the Pho-motif
independent PRE hits that are enriched with Combgap
and other DNA protein motifs. Interestingly, we ﬁnd
4725 Pho-motif independent PREs for release 5/dm3
data set, this, in turn, contributes to *23% of the total
PRE hits. To verify the in vivo functionality of these
Pho-motif independent PREs, we analysed respective
genomic loci and compared them with available PcG
protein proﬁles. One such region is shown in ﬁgure 3,
which clearly coincides with PC, PSC, Ez peaks. From
these analyses, we can infer the functional utility of
Pho-motif independent PREs, and, therefore, it is reasonable for including this class of PREs in our PRE
mapping logic. Further, it is recently reported that the
Cg protein colocalizes with Ph and could recruit the Ph
protein to the target sites, possibly without involving
other PRC1 complex members (Ray et al. 2016).
3.3 Comparison of PRE Mapper identiﬁed PREs
with PcG proteins and H3K27me3 ChIP proﬁles
To evaluate the PREs for their in vivo function, we have
compared the PRE Mapper data with multiple PcG
proteins and H3K27me3 ChIP data sets as PREs recruit
PcG proteins and poses repressive histone modiﬁcations
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(Schwartz et al. 2006; Oktaba et al. 2008; Schuettengruber et al. 2009; Orsi et al. 2014). We compared the
predicted PREs with PcG protein and H3K27me3 ChIP
proﬁle of Drosophila Sg4 cells (Schwartz et al. 2006).
We used the UCSC genome browser for this comparison
and scanned for the regions where the H3K27me3 peaks
overlap with PREs. Figure 4 shows an example region,
where PREs clearly coincides with H3K27me3 peak. To
quantify this correlation across the data set, we extracted
peak regions from their data set using a custom Perl script
and compared with PREs. We ﬁnd that an overlap of 58%
for PC protein, 55% for PSC protein, 71% for EZ protein,
and 48% for H3K27me3 peaks with PREs (table 4A).
This correlation of 61% for PcG proteins is a signiﬁcant
improvement over previous computational methods
(Fiedler and Rehmsmeier 2006; Schwartz et al. 2006).
The Pho-repressive complex (PhoRC) comprises Pho
and dSfmbt proteins and its binding regions were shown
to deﬁne functional Polycomb Response Elements in the
genome (Oktaba et al. 2008). So, we asked whether these
PhoRC binding regions are covered in PREs obtained by
PRE Mapper. For this, we compared the Pho and dSfmbt
proteins ChIP binding sites that were derived from Drosophila embryos (PhoE) and larval imaginal disc cells
(PhoL & dSfmbtL), table 4B. Comparisons show that
*70% of the Pho bound sites from the embryos and
imaginal discs (288/407, 454/670) are a part of PRE
Mapper data set (table 4B). Further, the Core-PhoRC
regions show an impressive overlap of 88% with PRE
Mapper hits, which strongly supports PRE Mapper as an
efﬁcient and reliable tool to identify PREs based on
sequence feature alone, and not inﬂuenced by tissuespeciﬁc factors.
We also analysed another relevant dataset that includes
the ChIP proﬁles of trithorax protein and its associated
active histone mark (H3K4me3) along with Pho and PhoL
proteins (Schuettengruber et al. 2009). This dataset has
2,480 PcG genomic sites (marked by H3K27me3) and
4868 TrxG genomic sites (marked by H3K4me3) pertaining to 4–12h old Drosophila embryos (Schuettengruber et al. 2009). This study has elaborately compared
the ChIP binding proﬁles with the previously known PRE
prediction tool, PREdictor and found only a 16% of in vivo
binding sites. We repeated this analysis and compared the
datasets with PRE Mapper output and found a signiﬁcant
increase in overlap percentage, for example, of the 3152
Pho sites, 1725 (*55%) are included in the PRE Mapper
data set, while the previous comparison could only get an
overlap of 3% (as seen in the supplement table S10 of that
report). The results of our comparison are summarised in
table 4C, and it is worth noting that the Ph?PC binding
sites show an overlap of 74%. As PREs also function as
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Figure 4. PRE Mapper identiﬁed PREs coincide with histone H3K27me3 marks and PcG protein binding regions in the
genome. A 50 kb region from chr3R (20919475- 20969474) that encompasses 11 genes, is shown with histone H3K27me3
marks and PcG protein binding proﬁles (obtained from Schwartz et al. 2006). The image is sourced from UCSC genome
browser (dm2 genome version). PREs are shown as black rectangles; the bottom-most panel shows DNAaseI hypersensitive
regions for Drosophila embryonic developmental stages (Stage 9, 5, 11, 14, 10). The PREs precisely overlap with histone
H3K27me3 and PC, PSC, E(z) bound regions.

TREs when required, although we cannot currently differentiate them by sequence criteria, we expected that
some of the identiﬁed PREs would colocalise with TRX
proteins. This was tested comparing with identiﬁed PREs
with TRX-N, TRX-C, H3K4me3 proﬁles (table 4C). As
expected, an overlap of C50% is seen for TRX and its
associated active chromatin mark, H3K4me3.

3.4 Gene promoter/TSS regions are enriched
in PRE data set
It is shown that promoters of genes are bound by
polycomb proteins to silence them, or until they are

replaced by positive histone marks (Kar et al. 2017).
By taking this as a clue, we analysed the PRE data set
for promoter enrichment. We ﬁnd that the predicted
PREs preferentially localise at the TSS region of the
gene (ﬁgure 5A). This indeed is in agreement with
other in vivo studies that have reported the occupancy
of PcG proteins, particularly PhoRC complex at TSS
for developmental regulator and cell cycle genes (Oktaba et al. 2008). The PRE Mapper covers most of
these promoter regions as hits. Additionally, we also
ﬁnd a signiﬁcant number of PREs at a distance that is
less than 4 kb from the promoter. These may possibly
combine with enhancers to function as dual functionality cis-regulatory elements (Erceg et al. 2017).
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Table 4. Comparison of PcG binding and H3K27me3 (A), PhoRC binding (B), and different PcG/TRX group proteins
(C) in the context of predicted PREs
Total peaks
isolated

Proﬁle

No. of peaks overlapping with
PREs

% of overlapping
peaks

A. Comparison with PcG proteins and H3K27me3 binding (Schwartz et al. 2006)
PC
978
570
58.3
PSC
377
209
55.4
EZ
282
200
70.9
H3K27me3
2436
1159
47.6
B. Comparison with PhoRC ChIP binding (Oktaba et al. 2008)
PhoE
407
288
71
PhoL
670
454
68
dSfmbtL
666
425
64
Core196
172
88
PhoRC
C. Comparison with PcG and TRX group binding (Schuettengruber et al. 2009)
PC
2110
1189
56.4
PH
441
326
73.9
PH?PC
437
324
74.1
PHO
3152
1725
54.7
PHOL
2951
1272
43.1
GAF
3019
2000
66.2
DSP1
1982
1279
64.5
TRX-N
4868
2029
41.7
TRX-C
167
113
67.7

A

B

Average size
(bp)

Total size
(bp)

2865
1231
1502
3353

28,01,746
4,63,913
4,23,624
81,68,122

1271
1811
1577
2578

5,17,158
12,13,626
10,49,975
5,05,193

2549
1112
NA
916
803
1122
834
833
607

53,73,239
4,90,515
NA
28,87,713
23,70,730
33,88,619
16,53,471
40,52,891
1,01,294
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Figure 5. Association of PRE regions with various genomic features. (A) Distribution of PREs around the Transcription
Start Sites (TSS) of genes (r5.50 annotation FlyBase), the point zero on x-axis marks the TSS and its surrounding 250 bases.
The maximum PRE count (1242) is observed in ?500 bp window. (B) Distribution of PREs around the chromatin domain
boundary elements (cdBEST data), the point zero on x-axis marks the midpoint of boundary element and its surrounding
250 bp. The maximum number of PREs, 585, overlap with boundaries. (C) Distribution of PREs around the TAD borders.
The point zero on x-axis marks the TAD border and its surrounding 1 kb. The maximum number of PREs, 981, overlap with
TAD borders.
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3.5 Boundaries and PREs combination
in the Drosophila genome may deﬁne a ‘composite
epigenetic regulatory module’
Boundaries and PREs are arranged in a contiguous
manner at prominent genomic regions, including the
Drosophila BX-C region (Brown et al. 2003a, b; Singh
and Mishra 2015), and it is highly likely that this
arrangement would prevail elsewhere in the genome
for effective domain organisation. Further, considering
the genes are highly nested in Drosophila and often
with limited intergenic space, it is reasonable to expect
boundaries and PREs to occur together and provide
‘composite epigenetic regulatory structures/module’
(Brown et al. 2003a, b). Such arrangements have also
been noticed in human (Jjingo et al. 2013).
To elucidate the possibility of having ‘composite
epigenetic regulatory modules’ across the Drosophila
genome, we compared our PRE dataset with chromatin
domain boundaries. For this, we used cdBEST identiﬁed boundary data set (Srinivasan and Mishra 2012)

and retrieved 1664 Boundary-PRE overlapping regions
(minimum overlap of 1 bp). These 1664 regions
account for 37% of boundaries identiﬁed by cdBEST. It
is essential to know that, we had used PREs as a
negative dataset for boundary element prediction
(Srinivasan and Mishra 2012). Further, we also performed a windowed count of PREs around the
boundaries (mid-point) with increasing distance of
500 bp both sides (ﬁgure 5B). In agreement with
above-mentioned overlap analysis 3528 PREs are
located within a distance of ±2 kb.
Although boundaries and PREs have distinct motifs
(except GAF), they are positioned together for a
functional necessity such as to have ‘composite elements’ that can be used over many regions and carried
along with gene in naturally occurring gene duplication
events. This arrangement of Boundary-PRE co-habitation may also provide directionality to the regulatory
region in question; for example, the divergently transcribing dco and Sox100B genes are separated by a
Boundary-PRE module (ﬁgure 6). Here, the orientation

Figure 6. Chromatin domain boundary elements and PREs are contiguously arranged in the genome. A UCSC genome
browser screenshot of dco-Sox 100B gene loci (chr3R 26880000–26910000, dm2 genome version) showing the boundary
3R_913 (Srinivasan and Mishra 2012) and a predicted PRE, 3R_4964 that are contiguously located and overlapping at the
edges are as black boxes (middle panel). The lower panel shows the enrichment of PC, PSC, E(z) and histone H3K27me3
(Schwartz et al. 2006) towards the Sox100B gene, which is repressed in that cell line.

Polycomb Response Elements in insects

of the module helps to selectively repress the Sox100B
gene in Sg4 cells but not the dco gene (Schwartz et al.
2006; Chintapalli et al. 2007). If the orientation of this
module
(3R_913_Boundary-3R_4964_PRE)
is
reversed, the dco gene will be repressed. Thus, the
Boundary-PRE modules may help genes with divergently transcribing but separated by short distant
intergenic regions.
3.6 Topologically associated domains (TADs)
association with PREs
A large amount of DNA is packaged in a relatively
small nuclear space and that necessitates multiple
levels of the compaction process. One major event is
folding back of chromatin ﬁbers resulting in large
domains/loops. It turns out that, often, the patterns are
followed by preferred long-range interactions, which
have major regulatory consequences. The genome uses
the long-range interactions to communicate signals
across the regions and controls the way genes and gene
clusters are organised within. Often, these long-range
interactions bring the regions together that is far away
or helps a locus to connect with multiple contacts
points to reach out for cis-regulatory elements. Such
contact points, interactions and their associated regions
together deﬁne the topologically associated domains
(TADs). The underlying mechanism behind the TAD
organisation uses the pairing of DNA elements such as
enhancer–promoters, boundary sequences for executing the function along with protein–protein interactions. Earlier studies in Drosophila have shown that
PREs facilitate long-range interactions (Muller et al.
1999; Vazquez et al. 2006). We checked for the contribution of PREs to the TAD organisation as it too
involved long-range interactions. We used a recently
published TAD data set and compared their TAD borders with PRE regions (Ramı́rez et al. 2018). We
observe that about half of the TAD borders (1339
borders of 2846 analysed) have an overlapping region
in the PREs data set. Further, PREs also concentrate at
the TAD borders and get more and more scattered
while moving away from the borders (ﬁgure 5C).
A recent study also supports the strong association of
TADs with PcG proteins and suggests that Polycomb
protein could function as loop anchor (Eagen et al. 2017).
It is also hypothesised that Polycomb protein might play a
loop anchor role, like the CTCF protein does for mammalian genomes. As Polycomb protein gets assembled on
PREs, our ﬁndings suggest that the Polycomb protein and
PREs sequences together organise the TADs.
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Table 5. PRE search results for 12 Drosophila species
genomes

Organism
1
2
3
4
5
6
7
8
9
10
11
12

D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D.

melanogaster
simulans
sechellia
yakuba
erecta
ananassae
pseudoobscura
persimilis
willistoni
mojavensis
virilis
grimshawi

Genome
size in
MBs#

No.
of
PREs

PREs
frequency
(per 100 kb)

120
111
115
134
127
176
127
138
187
161
172
138

20934
18055
19825
22476
21317
26748
29046
29775
32349
32772
28416
26522

17
16
17
17
17
15
23
22
17
20
17
19

#

The genome for non-melanogaster species = the sum of
scaffold sizes [ 200,000 bp.

3.7 Analysis of PREs in different Drosophila
species
The sequencing of multiple Drosophila species offers
avenues for studying the genetic variations at the genus
level. When it comes to cis-regulatory elements, it is
even more interesting, as the non-coding DNA part is
more prone to accept changes, which allows us to ask
questions on these non-coding elements and perform
their comparative analysis. In this context, we surveyed
the PRE content of different Drosophila species to
understand their evolutionary conservation and adaptability. We have used the 12 genomes of different
Drosophila species (Drosophila 12 Genomes et al.
2007), and limited our PRE search analysis to contigs
that are bigger than 200 kb in size to avoid unplaced
small and repetitive contigs.
As would be expected, the number of PREs obtained
from different species shows a very close match to
Drosophila melanogaster (table 5). Further, their genome-wide occurrence frequency also follows a range,
16–23 PREs per 100 kb, that is much similar to the
observed frequency of Drosophila melanogaster
(table 5). When analysed for PRE distribution at key
locations, like the bithorax complex, the results show
similar spread indicating their functional requirement
and extensive conservation (data not shown).
There are two previous reports for PREs on nonDrosophila species, one through the jPREdictor
enabled approach and another by conventional PcG
protein ChIP binding proﬁles (Hauenschild et al. 2008;
Schuettengruber et al. 2014). Both these studies
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Table 6. PRE search analysis results for 10 insect genomes

1
2
3
4
5
6
7
8
9
10

Organism

Common name

Ceratitis capitata
Musca domestica
Mayetiola destructor
Anopheles gambiae
Bombyx mori
Tribolium castaneum
Apis mellifera
Nasonia vitripennis
Acyrthosiphon pisum
Pediculus humanus

Mediterranean fruit ﬂy
House ﬂy
Hessian ﬂy
African malaria mosquito
Silkworm
Red ﬂour beetle
Honey bee
Parasitic wasp
Pea aphid
Body louse

Genome size in MBs No. of PREs PREs frequency (per 100 kb)

support the evolutionary conservation of PREs and
polycomb system across the Drosophila species. Our
prediction analysis also strongly supports the overall
conservation and selective retention PREs at a relatively similar genomic context in these species.

484
750
185
273
480
210
234
295
541
110

48809
76297
18004
51211
20660
10833
21396
41146
18743
20619

10.1
10.2
9.7
18.8
4.3
5.1
9.1
13.9
3.5
18.6

to be undisturbed. Taken together, these ﬁndings suggest that PRE Mapper is able to identify PRE in insects
beyond the Drosophila genus. Reshufﬂing to DNA
motifs while keeping the overall score good enough for
functional PRE also points to the opportunity of variety
that can originate through such PRE class/category
switching.

3.8 Analysis of PREs in other insect species
Currently, the epigenetic studies of non-Drosophila
insects are mainly contributed by DNA methylation
studies on social insects such as Apis mellifera (Glastad
et al. 2019), and very little information exists about
histone or PcG-mediated epigenetic gene regulation in
these insects. Although the histones and their modifying enzymes, and the PcG proteins, are thought to be
well conserved across insect systems, detailed studies
on their target elements like Polycomb Response Elements is completely missing. To address this, we
extended PRE Mapper analysis to 10 insects species
whose genome sequences are publically available. The
results of this analysis are summarised in table 6.
We also undertook a detailed analysis of an upstream
sequence region (up to 10 kb) pertaining to the engrailed gene where multiple PREs are located in the
Drosophila melanogaster species. We asked if PREs
are conserved on this region across 10 insect species.
We took the coding region of the engrailed gene of
Drosophila and performed BLAST search analysis on
these genomes to map its homologous gene and
upstream region. We plotted the PREs in this 10 kb
upstream region and analysed for conserved PREs
(ﬁgure 7). We ﬁnd 1–5 PRE hits on this 10 kb region
for different insect species and the overall PRE structure is conserved. However, we do notice some motif
reshufﬂing on these PREs leading to switching of PRE
categories, but the overall functionality of PREs seem

4. Discussion
The studies on Polycomb proteins and their target
sequences, the PREs immensely contributed to our
understanding on, how the epigenetic memory is
established and maintained in a cell type-speciﬁc
manner. Historically, the PREs were ﬁrst identiﬁed in
Drosophila, and much of the understanding emerges
from the genetic experiments on Drosophila Hox
complex, where multiple PRE-like elements exist to
guide the segment-speciﬁc expression of Hox genes.
Concerted efforts by Drosophila experimental biologists have also led to the identiﬁcation of PREs on
several genetic loci, beyond the Hox complex. Further
biochemical experiments revealed the PRE binding
proteins and their recognition sites on PREs. Together
these experimental approaches provided a reasonable
amount of understanding of how PREs function, particularly, their molecular constituents.
In parallel to experimental methods and assays, the
computer-aided search methods like PREdictor/jPREdictor have emerged for PRE identiﬁcation, thanks to
the availability of experimentally derived PRE motifs
and the complete sequence of the Drosophila genome.
The PREdictor/jPREdictor have remarkably expanded
the number of PREs found in Drosophila and provided
a global view of Polycomb targets. Later, highthroughput methods like ChIP-chip and ChIP-seq have

Polycomb Response Elements in insects
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Figure 7. Analysis of engrailed gene locus for PREs in insect genomes. Genomic region comprising the CDS of the
engrailed gene and its 10 kb ﬂanking regions on both sides are drawn to scale. Distribution of PREs is shown as aqua colourboxes upstream of the en gene different insect species. The letter ‘P’ inside the PRE box denotes the Pho-motif cluster PRE,
and the letter ‘C’ indicates Cg-motif cluster PRE. The insect species names are given on the right side of the ﬁgure.

identiﬁed thousands of PcG protein binding and histone modiﬁcations sites. The co-occupancy of multiple
PcG proteins and modiﬁed histone enrichments on
several regions hinted for the presence of PREs sites on
these regions. When compared to the original dataset of
PREdictor/jPREdictor, the ChIP-chip / ChIP-seq generated PcG, and histone proﬁles demanded a much
larger number of PREs in the Drosophila genome. The
gap between their computational prediction and the
in vivo occupancy was anything between two to tenfold (*400 to *3000 in vivo PcG/Pho sites against
167 predictions), and an overlap of *20% ﬁrmly
supported the view that there is a need to revisit the
available tools for PRE prediction.
Having this task on hand, we developed the PRE
Mapper tool, that offers an exhaustive PRE identiﬁcation method and narrows the gap between the computer-aided predictions and in vivo occupied PcG sites.
The identiﬁcation of [20,000 sites as potential PREs
for Drosophila melanogaster genome indicates its high
sensitivity and exhaustive nature of prediction. The
ability of PRE Mapper to identify Pho-independent
PREs offers an advantage, as currently such PREs are
not known, and they can be tested on experiments
under Pho mutant background to ascertain Pho protein’s role on these PREs.
Importantly, the PRE Mapper tool identiﬁes the corePhoRC bound regions with much greater accuracy, as

PhoRC is the key contributor for assembling larger
polycomb complexes. It is noticeable that PRE Mapper
predicts a far higher number of PREs in the Drosophila
genome but includes the regions where PRE-like
function is warranted. Further, it is also evident that
several regions that are occupied by a lower level of
H3K27me3 marks may deﬁne sub-peaks within the
larger PcG domain and the PRE Mapper is sensitive
enough to map such as potential PREs. We hypothesise
that there are strong PREs occupied by PhoRC that can
initiate the assembly of PcG proteins by sensing the
upstream signals, and once the PcG proteins are
recruited at key locations, the other weak PREs may
contribute to the spreading of the complexes. The weak
PREs may have the motif content like the strong ones
but restricted by other locally recruited factors that are
currently unknown. It is also possible that weak PREs
can’t function on their own or fail when assayed in
experiments, but computational methods like PRE
Mapper would include such elements. Taken together,
PRE Mapper opens up the epigenetic regulation process to a broad and across the insect species and provides function to 3–4% of these genomes. In addition,
connect of PRE with boundary, TSS and TAD border
brings to the front the property of PREs known long
back from Drosophila species that such elements bring
together distant loci. The direct role of PcG factors in
the function of such higher order chromatin level
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elements remains to be studied. Our ﬁndings on the
genome organization of PREs will be helpful in
understanding the structural and mechanistic aspects of
nuclear processes including epigenetic cellular
memory.
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