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ABSTRACT
Polycomb group (PcG) and Trithorax group (TrxG) proteins orchestrate development of a multi-
cellular organism by faithfully maintaining cell fate decisions made early in embryogenesis. An
important chromatin mark connected to PcG/TrxG regulation is bivalent domains, the simulta-
neous presence of H3K27me3 and H3K4me3 on a given locus, originally identified in mammalian
embryonic stem cells but considered to be absent in invertebrates. Here, we provide evidence for
the existence of bivalency in fly embryos. Using a recently described PcG reporter fly line, we
observed a strong reporter inducibility in the embryo and its sharp decrease in larval and adult
stages. Analysis of the chromatin landscape of the reporter revealed a strong signal for the
repressive PcG mark, H3K27me3, in all three developmental stages and, surprisingly, a strong
signal for a transcriptionally activating H3K4me3 mark in the embryo. Using re-chromatin immu-
noprecipitation experiments, bivalent domains were also uncovered at endogenous PcG targets
like the Hox genes.
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Introduction

Polycomb group (PcG) proteins together with
antagonistically acting Trithorax group (TrxG) pro-
teins are essential epigenetic regulators responsible
for the establishment and maintenance of cell fate
decisions. Perturbations of PcG and TrxG regula-
tion impact development, neoplastic growth, tissue
regeneration and stem cell biology. In Drosophila,
perturbations of the PcG repression in larval tissue
were recently shown to result in cellular dediffer-
entiation, a process of reversal to a less differen-
tiated, embryonic-like cell state that precedes
tumorigenesis [1]. Transdetermination is a phe-
nomenon where a group of cells in regeneration
blastema becomes more plastic and acquires alter-
native cell identities [2]. In fly and mouse, modula-
tion of PcG function was a prerequisite of
transdetermination and reprogramming required
for regeneration and wound repair [3,4]. PcG and
TrxG proteins function as components of multi-
protein complexes. Polycomb repressive complexes
1 and 2 (PRC1 and PRC2) are the most studied of
the PcG complexes. PRC2 catalyses the deposition

of the repressive H3K27me3 histone mark on tran-
scriptionally inactive PcG target genes [5–7], while
PRC1 recognizes and binds the H3K27me3 mark,
compacts chromatin and inhibits chromatin remo-
delling [8–10]. The recruitment of PRC1 and PRC2
to target genes results in their heritable repression.
TrxG complexes, on the other hand, associate with
transcriptionally active PcG target genes and estab-
lish activating H3K4me3 and H3K27ac marks
[11,12]. The concerted actions of PcG and TrxG
systems guide cells along specific cell lineages and
ultimately contribute to the development of various
tissues and organs.

While the two systems are generally thought to
counteract each other, their synergy results in the
establishment of bivalent domains in mammals.
Bivalency, defined as the concurrent presence of
H3K27me3 and H3K4me3 marks on a given locus,
was first discovered in mouse embryonic stem cells
[13,14]. Subsequently, bivalency was shown to exist
in developing embryo and adult kidney, lung, liver,
brain, intestine, blood, skin and sperm [15–18].
While in embryonic stem cells and embryo bivalency
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is postulated to poise developmentally crucial genes
for later activation during differentiation, de novo
acquired tissue-restricted bivalency results in repres-
sion of affected genes in intestine and expression of
these genes in the brain [16,17]. Currently, bivalency
is thought to play a vital role in development [19],
face morphogenesis [20], female puberty [21], phe-
notypic differences between species [18] and genetic
diversity in neurons [22,23]. Despite its apparent
importance, bivalency is functionally and mechan-
istically not well understood. Studying bivalency in
mammals is complicated by the lack of suitable
genetic models [24], scarcity of material [15] and
redundancy of PcG and TrxG genes [25].

PcG and TrxG regulatory systems are highly
conserved between fly and mammals, both on the
protein level and functionally, and insights initially
gained in Drosophila were later validated and
expanded in mammalian models [26]. To date,
there are four reports discussing bivalency in fly
stages and tissues: embryo, larval wing disc and
adult testis. These reports analysed heterogeneous
cell populations and based their statements on
overlapping chromatin immunoprecipitation
(ChIP) peaks of H3K27me3 and H3K4me3 signals.
Gan et al. evaluated the distribution of H3K4me3
and H3K27me3 marks in male germline stem cells
(GSCs) using a Drosophila bag of marbles (bam)
mutant strain [27]. Out of 4991 genes that were
significantly enriched for either mark, only 91
genes were associated with both H3K27me3 and
H3K4me3. However, in addition to enrichment of
GSCs, bam mutation results in accumulation of
transit-amplifying spermatogonial cells and
somatic cells [28,29]. This led the authors to con-
cede that loci associated with both marks were
likely monovalently labelled in different cell popu-
lations rather than being truly bivalent.
Schuettengruber et al. observed a similarly low
frequency (2.2%) of loci with overlapping
H3K4me3 and H3K27me3 signals in whole fly
embryos and attributed this overlap to the mixture
of different cell populations in a developing
embryo [30]. Kang et al. re-analysed H3K27me3
and H3K4me3 ChIP-seq data from whole embryos
generated in the modENCODE project [31,32].
While noting the overlap between the two marks,
the authors also commented on the heterogenous
nature of embryonic samples and their inability to

formally exclude the possibility of these marks
occurring in distinct populations of cells. Finally,
Schertel et al. performed ChIP-seq assessment of
H3K27me3 and H3K4me2-3 (using the antibody
that recognized both H3K4me2 and H3K4me3
marks) in imaginal wing discs [33]. The authors
identified 241 genes that displayed overlapping
signals for both marks but acknowledged non-
homogenous cell populations that make up imagi-
nal discs and the resulting ambiguity over the true
epigenetic status of these genes. Labelling of loci
exhibiting overlap of H3K4me3 and H3K27me3
marks as bivalent by Kang et al. and Schertel et
al. generated ambiguity on whether the authors
claimed these genes to be truly bivalent.
Understandably, in the absence of re-ChIP experi-
ments, these claims failed to convince the broader
scientific community, and bivalency is still
believed to be absent in Drosophila [34–37].

In this report, we take advantage of the recently
introduced PcG reporter construct, PRExpress, to
investigate repression of a PcG target gene during
development [38]. Experiments with PRExpress
showed a progressive decrease of reporter inducibil-
ity at later developmental stages. In our attempt to
understand epigenetic changes underlying this phe-
nomenon, we discovered the presence of bivalency
in the fly embryo and its subsequent decline in larval
and adult tissues. In addition to the reporter gene,
bivalency could also be demonstrated for endogen-
ous PcG target genes in embryos.

Materials and methods

Transgenic fly lines

no-repeats, PRExpress and PRExpress III fly lines
were described in detail previously [38]. Fly lines
were reared at 25°C, in 60% humidity and at 13-h
light/11-h dark cycles. The reporter gene expression
was induced through incubation at 37°C for 1 h
followed by a 30-min recovery period at 25°C.

ß-Galactosidase activity assay

Fly embryos were collected overnight (ca. 16 h),
dechorionated in 3% hypochlorite solution for 2
min, washed thoroughly with water and frozen in
liquid nitrogen. Twenty wandering third instar larvae
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were collected in 30% (v/v) glycerol solution, washed
thoroughly with water and frozen in liquid nitrogen.
Three female and three male flies were anaesthetized
with CO2 and frozen in liquid nitrogen 3 d post
eclosion. After freezing, samples were stored at −80°
C. Frozen fly samples were homogenized on ice in the
assay buffer (1 mM MgSO4, 2% Triton X-100 (v/v),
100mMHepes, pH 8) supplementedwith cOmplete™,
EDTA-free Protease Inhibitor Cocktail (Roche, Basel,
Switzerland). Homogenates were centrifuged twice at
20,000 g for 10 min at 4°C, each time retaining super-
natants and discarding the precipitated debris. The
protein concentration of homogenates was measured
using Pierce BCA protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). One microgram of
protein from homogenates was incubated at 37°C for
50 min in 0.1 ml of the assay buffer supplemented
with 4-MUG (Sigma-Aldrich, M1633, St. Louis, MO,
USA) at 0.9 mM final concentration and with
cOmplete™. ß-Galactosidase converts the non-fluor-
escent substrate 4-MUG into the fluorescent product
4-MU. The 4-MU fluorescence was measured using
EnVision Multilabel Reader 2104 (PerkinElmer,
Waltham, MA, USA).

Chromatin immunoprecipitation

For ChIP experiment, embryos, larvae and adults
were collected similarly as for beta-galactosidase
assay but were not frozen before chromatin pre-
paration. Instead, about 600 mg of whole fly
embryos, larvae or adults was homogenized at
room temperature for 2.5 min in 10 ml of cross-
linking buffer (1 mM EDTA, 0.5 mM EGTA, 100
mM NaCl, 1.8% (v/v) formaldehyde, 50 mM
Hepes, pH 8) supplemented with cOmplete™ in a
15-ml glass tissue grinder using the loose-fitting
pestle. Glycine was added to the homogenized
sample at 0.125 M final concentration, and the
sample was rotated at room temperature and 15
rpm for 5 min. From this point on, all steps were
performed at 4°C or on ice unless otherwise spe-
cified. The sample was centrifuged first at 400 g for
1 min to pellet and discard large debris. The super-
natant was centrifuged again at 1,100 g for 10 min.
This time, the supernatant was discarded, and the
pellet was re-suspended in 10 ml of cell lysis buffer
(85 mM KCl, 0.5% (v/v) IGEPAL CA-630, 5 mM
Hepes, pH 8) supplemented with cOmplete™ and

homogenized in the 15-ml tissue grinder using 20
strokes with the tight-fitting pestle. The sample
was then centrifuged at 2,000 g for 4 min to pellet
the nuclei. The nuclei were re-suspended in 1 ml
of nuclear lysis buffer (10 mM EDTA, 0.5% (w/v)
N-lauroylsarcosine, 50 mM Hepes, pH 8) supple-
mented with cOmplete™ and incubated at room
temperature for 20 min. After incubation, another
1 ml of nuclear lysis buffer supplemented with
cOmplete™ was added to the sample, and chroma-
tin was fragmented using Bioruptor Plus sonicator
to an average 500 bp fragment size. Bioruptor
settings: 60 cycles (1 cycle = 30 s on/30 s off),
high energy setting, sample briefly vortexed every
10 cycles. Sonicated sample was centrifuged at
20,000 g for 10 min to precipitate debris, and the
clear supernatant was frozen in liquid nitrogen
and stored at −80°C. Immunoprecipitations (IPs)
were performed as described previously [39]. Re-
ChIP experiments were performed as described
previously [40]. Results of ChIP experiments
were analysed using digital droplet PCR (Bio-
Rad, Hercules, CA, USA) following the manufac-
turer’s instructions. Primer pairs and probes for
loci evaluated are given in Table 1.

Antibodies

For ChIP and re-ChiP experiments, antibodies
against H3K27me3 (Sigma-Aldrich, St. Louis,
MO, USA, 07-449) (Figure 1(b)), H3K9ac
(abcam, Cambridge, UK, ab4441), H3K4me3
(abcam, Cambridge, UK, ab8580), H3K27me3
(abcam, Cambridge, UK, ab6002) (Supplementary
Figures S1A, S2; Figure 2(a,b)) and normal rabbit
IgG (Santa Cruz, Dallas, TX, USA, sc-2027 X) were
used. The first large set of H3K27me3 ChIP
experiments in embryo, larva and adult of no-
repeats, PRExpress and PRExpress III lines
(Figure 1(b)) was performed with the 07-449 anti-
body due to its good signal-to-noise ratio. As the
variability among individual biological replicates
in this experiment required normalization to the
positive control, a comparison of the results
between embryo, larva and adult was not possible.
To obtain this important piece of information,
additional H3K27me3 ChIP experiments with the
ab6002 antibody were performed (Supplementary
Figure S1A).
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Statistical analysis

The average values of biological replicates were
given as mean ± standard deviation. Significance
testing of ChIP results was performed using one-
way analysis of variance (ANOVA) test. Statistical
significance was defined as P ≤ 0.05. Asterisks
indicate statistically significant differences (*P ≤
0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001).

Results

Inducibility of a PcG target gene

We recently reported the development of the
PRExpress construct, a non-leaky heat-inducible
gene expression system for Drosophila [38].
PRExpress consists of a heat-inducible LacZ repor-
ter gene placed downstream of a synthetic PcG
response element (PRE), termed poly-PRE. Eight
repeats of a 198-bp fragment of the bxd-PRE con-
stitute the poly-PRE sequence. In contrast to a full-
length PRE, this short bxd fragment contains no
positional information and thus represses the
reporter in the entire animal in embryonic, larval
and adult stages. Non-leakiness and ubiquitous
inducibility of PRExpress rendered it uniquely sui-
table to assess PcG repression as a function of

development in the entire animal. Three pre-
viously generated fly lines were used in the present
study. PRExpress and PRExpress III lines contain
the PRExpress construct integrated into prede-
fined sites on the second and third chromosomes,
respectively. Lines with different integration sites
furnish an opportunity to exclude the influence of
different chromosomal milieus on observed phe-
notypes. The no-repeats line contains a control
construct, identical to PRExpress but lacking the
poly-PRE sequence. The no-repeats construct was
integrated into the same predefined site on the
second chromosome and served as a control for
the PRExpress line [38].

Inducibility was defined as a ratio of the ß-
galactosidase activity of fly samples in the induced
state over the ß-galactosidase activity in the non-
induced state (i.e. values of heat-shocked vs non-
heat-shocked samples). Analysis of inducibility of
the reporter gene in the three lines indicated a
steep decrease of inducibility in larva and adult
fly in lines containing the poly-PRE sequence by
93% and 97%, respectively, whereas inducibility in
no-repeats line remained equally strong through-
out development (Figure 1(a)). This observation
suggested an enhancement of PcG repression in
advanced developmental stages. Some time ago, we
made a comparable observation using a reporter
containing the 3.6 kb Fab-7 PRE fragment [41,42].
The activation of the reporter under the control of
the Fab-7 PRE was less efficient in larval compared
to embryonic tissues. This led to the suggestion
that the chromatin of PcG-repressed genes in
embryo was more plastic and became progressively
more committed as development proceeds [43].
However, elucidation of mechanisms underlying
this plasticity was confounded by the leakiness of
the Fab-7-reporter construct in embryo and larva
in the absence of induction and the lack of appro-
priate control lines. Leakiness is a manifestation of
heterogeneity of the sample and precludes the
unequivocal interpretation of ChIP experiments.

H3K27me3, H3K9ac and H3K4me3 marks at the
reporter gene

To discern the epigenetic changes that affect the
stronger PcG repression in larva and adult, we
performed a series of ChIP experiments. All

Table 1. Primer pairs and probes used in this study.
Locus Primer/probe 5ʹ–3ʹ sequence

Ubx Ubx fwd cctgttatccaatccgttgc
Ubx rev agcgctcaaaaacaatctgg
probe FAM-ccgactcaactcactcgactcggcc-BHQ-1

Act5C Act5C fwd ctggcattcaacattcacc
Act5C rev cgatttaacaaattcaaggcg
probe FAM-ccgtgcggtcgcttagctcagcctc-BHQ-1

lacZ lacZ fwd ccaaaatcaccgccgtaagc
lacZ rev aggcgtttcgtcagtatccc
probe FAM-cagcgactgatccacccagtcccagac-BHQ-1

H23 H23 fwd agttcaagcccgggtattct
H23 rev ccaagttggccagttttgat
probe FAM-cacaatcacacataaacacaaat-BHQ-1

Antp Antp fwd tcggttcattcccagttctt
Antp rev gcgaaagtgaacgagaaacc
probe FAM-cactctaacggtcccgcgaag-BHQ-1

abd-A abd-A fwd cgaatttccgcgtaattgat
abd-A rev gtctcgggttgcgttgtatt
probe FAM-ccccaaacacacacatgcgac-BHQ-1

upd2 upd2 fwd ttttcgagcatttgtcatgc
upd2 rev cggaagtcgtgaatcgaaat
probe FAM-ctctcgctctctcggccgcc-BHQ-1

eve eve fwd gttggtacgctgggaatgat
eve rev gttgccgggacttaatttga
probe FAM-atgttttgcccaacgaaaccga-BHQ-1
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ChIP and re-ChIP experiments were performed
on non-induced (i.e. not heat-shocked) fly sam-
ples. As expected, the reporter gene in PRExpress
and PRExpress III lines was strongly marked

with H3K27me3 in embryo, larva and adult
(Figure 1(b)). Correspondingly, the H3K27me3
mark was absent from the reporter in the no-
repeats line in all three stages due to the absence
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of the poly-PRE sequence in this line.
Unfortunately, the strong variability among indi-
vidual biological replicates in this experiment
required normalization of results to the positive
control, the PcG target gene Ubx. As a result,
comparisons among different stages of develop-
ment were not valid, and it was unclear whether
the H3K27me3 mark on the reporter increased
or decreased during development, as the
H3K27me3 signal at the reference locus Ubx
might potentially differ between different devel-
opmental stages. To gain this information, we
performed another ChIP experiment using an
anti-H3K27me3 antibody from a different sup-
plier (see Materials and methods). The
H3K27me3 signal at the reporter in PRExpress
was similarly strong at all three stages
(Supplementary Figure S1A). In contrast, the
H3K27me3 signal at Ubx increased twofold in
larva compared to embryo and threefold in
adult compared to embryo. These results sug-
gested a gradual and significant increase of the
H3K27 trimethylation at the endogenous PcG
target gene Ubx, while no such increase was
observed at the reporter. Hence, changes in
H3K27 trimethylation levels could not account
for reduced inducibility of the reporter gene at
later stages.

The acetylation of H3K9 mediates a switch from
transcription initiation to transcription elongation
via recruitment of the super elongation complex to
chromatin and marks actively transcribed genes
[44]. In line with expectations, H3K9ac was
strongly present at Act5C, a positive control, in
all stages and lines (Figure 1(c)). The H3K9ac
signal was much lower at lacZ compared to
Act5C in PRExpress and PRExpress III lines.
Interestingly, the H3K9ac signal in no-repeats
was higher compared to PRExpress line in all
three stages: fourfold higher in embryo, threefold
higher in larva and threefold higher in adult
(Supplementary Figure S1B). This was consistent
with the observed tenfold, twofold and fourfold
higher ß-galactosidase activity (i.e. leakiness) in
no-repeats compared to PRExpress embryo, larva
and adult, respectively [38]. As expected, the
H3K9ac signal at Ubx between PRExpress and
no-repeats lines was similar in each stage (P >
0.30 for embryo, P > 0.29 for larva and P > 0.13

for adult) (Supplementary Figure S1C). The ability
to detect minor leakiness of the reporter gene in
no-repeats line underscored the high sensitivity of
whole animal ChIP experiments.

The most unexpected result was obtained in
ChIP experiments for the H3K4me3 mark
(Figure 1(d)). PRExpress and PRExpress III lines
showed a strong H3K4me3 signal at the reporter
gene comparable in strength to the signal at Act5C,
a positive control, in the embryonic stage. The
H3K4me3 signal at lacZ in PRExpress embryo
was 2.5-fold higher compared to control no-
repeats embryo. Whereas the H3K4me3 signal at
the reporter in the no-repeats line could be
explained by the leakiness of lacZ in this fly line,
this argument is invalid for the PRExpress line
where the reporter is completely repressed [38].
Thus, the presence of poly-PRE appeared to result
in a stronger H3K4me3 even in the absence of any
transcription. At the larval stage, the H3K4me3
level at lacZ in PRExpress line was fourfold higher
compared to the H3K4me3 signal at lacZ in no-
repeats line. In adult flies, this trend was reversed
with lacZ in no-repats line displaying twofold
higher H3K4me3 signal compared to the signal at
lacZ in PRExpress line. The presence of
H3K27me3, H3K4me3 and complete repression
of the reporter gene in the entire embryo (i.e. the
embryo is a homogenous cell population with
respect to the expression of the reporter gene)
strongly suggested the existence of bivalency in
Drosophila embryos. In agreement with previous
reports [30,31], the H3K4me3 signal was also pre-
sent at the Ubx gene in the embryonic stage in the
three lines. However, this could not be assumed to
be evidence of bivalency since the gene is
expressed in some parasegments of the embryo
and repressed in others and would be expected to
be marked with H3K4me3 and H3K27me3 in
respective parasegments. In larval and adult stages,
the H3K4me3 signal at Ubx and lacZ diminished
sharply, mirroring the decrease in inducibility of
the reporter.

Bivalency in Drosophila embryo

While individual ChIP experiments can hint at the
co-occurrence of two histone marks, a re-ChIP (or
sequential ChIP) experiment is necessary to confirm
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the coexistence of both marks on a given locus. In
re-ChIP, chromatin is first precipitated using the
antibody against H3K27me3 and then using the
antibody against H3K4me3. Consequently, enrich-
ment in re-ChIP is indicative of the simultaneous
presence of both marks on the same DNA fragment.
The reporter gene displayed a strong enrichment in
re-ChIP experiment in PRExpress and PRExpress
III embryos, while the signal at lacZ in no-repeats
embryo was at the background level (Figure 2(a)).
Intriguingly, the Ubx gene exhibited a 40-fold higher
enrichment in re-ChIP compared to the negative
control, Act5C, suggesting that bivalency was not
restricted to the synthetic transgene but was also
present at an endogenous PcG target gene. To
ensure the re-ChIP signal was specific to anti-
H3K27me3 and anti-H3K4me3 antibodies, we per-
formed a control experiment where these antibodies
were replaced with normal rabbit IgG in the first
and second IPs, respectively. The replacement of
anti-H3K27me3 or anti-H3K4me3 antibodies with
normal rabbit IgG in re-ChIP resulted in a 1400-fold
and 290-fold drop in signal, respectively, indicating
high specificity of the technique (Supplementary
Figure S2). Bivalency was evaluated at five addi-
tional loci in PRExpress embryo (Figure 2(b)). H23
is a heterochromatin locus of the second chromo-
some and was included as a negative control in
addition to Act5C. Antp and abd-A are canonical
Hox genes like Ubx, while eve is a closely related
HOX-like homeobox transcription factor. upd2 is a
secreted core component of the JAK/STAT signal-
ling pathway. PcG target genes Antp, abd-A, eve and
upd2 showed strong bivalency signals, whereas H23
control locus displayed background re-ChIP values.
These results suggested that bivalency is a general
phenomenon present at different types of PcG target
genes in fly embryo.

Discussion

Our results demonstrated the existence of biva-
lency at PcG target genes in Drosophila melano-
gaster embryo. As fly developed into larva and
adult, the H3K4me3 mark at a PcG target gene
declined abruptly, while the H3K27me3 mark
remained at similar levels. The downregulation
of bivalency at later stages was associated with a
dramatic decrease in the gene’s inducibility. In

their entirety, our results suggest that bivalency
may be a mechanism to keep PcG target genes
refractory to subthreshold noise and at the same
time responsive to appropriate developmental
cues. This function seems to be conserved
between fly and mammals. Moreover, bivalency
in fly embryos affords an elegant solution to
several puzzling observations. PRC2 components
Extra sex combs and Enhancer of zeste are
expressed most abundantly during embryogen-
esis and only weakly in post-embryonic stages
[45,46]. Polycomblike, another PcG protein
required for high levels of H3K27 trimethylation
in embryo, associates with PRC2 in embryonic
but not larval tissues [47–50]. At the same time,
PcG repression appears to be stronger in post-
embryonic stages [41–43]. We propose that
higher amounts of PcG proteins are necessary
to keep bivalent PcG target genes repressed in
embryo, whereas less PcG proteins are sufficient
to repress target genes in the absence of
H3K4me3 at later stages. Additionally,
Enhancer of zeste interaction with SIR2, an
NAD-dependent histone deacetylase, was
reported to be confined to post-embryonic stages
of development and was suggested to potentiate
fidelity of PcG repression [51]. It is tempting to
speculate that SIR2 or other proteins involved in
enhancing Polycomb phenotypes (e.g. Enhancer
of Polycomb, Suppressor of zeste 2, Histone
deacetylase 1) play a role in resolving bivalency
in larva and adult fly.

The functional role of bivalent domains in
mammalian development has remained enigmatic.
The demonstration of bivalency in Drosophila,
together with the availability of the bivalency
reporter line PRExpress, will allow the application
of large-scale high-throughput genetic screens to
identify factors involved in establishment or reso-
lution of bivalency and integration of gained
insights within a broader context of the develop-
ment of a multicellular organism.
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