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Increased chromatin accessibility promotes the
evolution of a transcriptional silencer in Drosophila
Liucong Ling, Bettina Mühling, Rita Jaenichen, Nicolas Gompel*

The loss of discrete morphological traits, the most common evolutionary transition, is typically driven by
changes in developmental gene expression. Mutations accumulating in regulatory elements of these genes
can disrupt DNA binding sites for transcription factors patterning their spatial expression, or delete entire en-
hancers. Regulatory elements, however, may be silenced through changes in chromatin accessibility or the
emergence of repressive elements. Here, we show that increased chromatin accessibility at the gene yellow, com-
bined with the gain of a repressor site, underlies the loss of a wing spot pigmentation pattern in a Drosophila
species. The gain of accessibility of this repressive element is regulated by E93, a transcription factor governing
the progress of metamorphosis. This convoluted evolutionary scenario contrasts with the parsimonious muta-
tional paths generally envisioned and often documented for morphological losses. It illustrates how evolution-
ary changes in chromatin accessibility may directly contribute to morphological diversification.
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INTRODUCTION
The diversity of morphological characters in plants and animals
breaks down into gains, losses, and modulation of traits. From a de-
velopmental standpoint, morphological characters of adult organ-
isms are typically foreshadowed by discrete patterns of gene
expression, driven by specific transcriptional enhancers during em-
bryogenesis or postembryonic development (1–4). From an evolu-
tionary standpoint, changes in these cis-regulatory elements drive
changes in gene expression and thereby produce morphological
variation (5). Consequently, the loss of a discrete trait, the most
common evolutionary transition (6), often stems from the loss of
function or deletion of enhancers underlying its formation (3, 7–
9). The literature on enhancers and their evolution emphasizes
their spatial activity and how transcription factor binding sites
(TFBSs) for spatial regulators encode patterns (10–15). Recently,
another aspect of enhancer biology has come under scrutiny,
their accessibility (16, 17), reflecting the degree of local nucleosome
occupancy and chromatin compaction. DNA accessibility of an en-
hancer is a prerequisite to the action of transcription factors (TFs)
acting as spatial regulators (18). It is controlled during development
by different parameters, including the action of pioneer TFs (19)
and transcriptional activity per se (20, 21), and was shown to vary
between species, along with TF binding (22). As such, the modula-
tion of enhancer accessibility represents an obvious level of tran-
scriptional regulation that could contribute to morphological
divergence between species. We explored this possibility using a
well-defined transcriptional enhancer associated with morphologi-
cal evolution in Drosophila, the spot enhancer of the pigmentation
gene yellow (8, 23–26). Several Drosophila species have patterns of
black pigmentation on their wings, as, for instance, the wing-
spotted fly Drosophila biarmipes (Fig. 1A). This character was
gained once in a common ancestor of a species group containing
D. biarmipes and the model species Drosophila melanogaster. It
was subsequently lost several times in this group, including in D.

melanogaster itself (Fig. 1B) (8). The initial gain of a wing spot in-
volved the co-option of yellow, a gene necessary for the production
of black pigments, through the newly evolved spot regulatory activ-
ity (Fig. 1C) (23, 24). In at least one species from this group, Droso-
phila gunungcola, that lost its wing spot, the spot activity decayed
through point mutations (8). Focusing on another species that
has secondarily lost its wing spot (8), the model organism D. mel-
anogaster itself, we investigated the evolution of accessibility of a
regulatory region that has lost its enhancer activity.

RESULTS
Enhancer accessibility and enhancer activity show
discrepancy at the yellow locus of D. melanogaster
To understand whether enhancer accessibility might also play a role
in the loss of spot activity, we compared chromatin states at the
yellow locus during wing pupal development between the spotted
D. biarmipes and the nonspotted D. melanogaster. We first moni-
tored the dynamic of yellow expression in developing wings of
both species with quantitative polymerase chain reaction (qPCR)
(fig. S1A) to facilitate the interpretation of accessibility. The two
species showed marked differences in the expression dynamic,
where yellow transcripts faded in D. melanogaster after 56% pupal
development, while they slightly increased in D. biarmipes, in line
with the spot activity (23). We then profiled accessibility upstream
of yellow transcription at selected stages in the wings of both species
using assay of transposase-accessible chromatin using sequencing
(ATAC-seq) (Fig. 1, E and F, and fig. S1A) (27). At the onset of
yellow expression (47% of pupal development), accessibility in-
creased in both species with two adjacent peaks (Fig. 1F, peak-1
and peak-2), which tended to merge and fade at later stages. We
were intrigued by two observations. First, the region of D. mela-
nogaster orthologous to D. biarmipes spot enhancer (peak-1) (26)
showed persistent accessibility throughout pupal development
(Fig. 1F and fig. S1), although we detected no spot activity inD. mel-
anogaster in a reporter assay (y5′mel; Fig. 1, D and E). We initially
interpreted this as residual accessibility but found this unexpected,
given that the wing spot was lost at least 10 million years ago in the
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D. melanogaster lineage (8), leaving enough time to this DNA
segment to lose accessibility. Second, we noted that peak-2 de-
creased largely in D. biarmipes after midpupal life (Fig. 1F and
fig. S1A) but persisted in D. melanogaster, suggesting a possible
link to the evolution of wing pigmentation (26).

A novel silencer and a cryptic enhancer underlie the loss of
a wing spot in D. melanogaster
To understand the functional significance of these accessible
regions, we derived a series of reporter constructs to assay the reg-
ulatory activities of the corresponding D. melanogaster sequences
(Fig. 2, A to D). To our surprise, D. melanogaster sequences corre-
sponding to peak-1 alone (construct peak-1mel; Fig. 2C) drove

reporter expression in the spot region of the wing, in a spatial
pattern comparable to the activity of the orthologous segment of
D. biarmipes (23), albeit with weaker levels (fig. S3). We found
that peak-1mel activity depended on the TF Distal-less (Dll; fig. S2,
A and B), as does D. biarmipes enhancer (23), confirming the func-
tional orthology of these regulatory elements. This activity,
however, was absent in a construct containing a fragment encom-
passing peak-1 and peak-2 [construct peaks-(1+2)mel; Fig. 2B],
which drove uniform wing expression resembling that of y 5′mel

(Fig. 1D). These results showed that the spot activity of D. mela-
nogaster was not lost during evolution but instead became cryptic,
masked by a repressive activity contained within peak-2 region.

Fig. 1. Changes in accessibility in the regulatory regions of yellow associated with a loss in wing pigmentation. (A and B) Adult wings of D. biarmipes (A) and D.
melanogaster (B). (C andD) Regulatory regions upstream of yellow transcription start site of D. biarmipes (C) andD. melanogaster (D) drive reporter expression in thewings
of transgenic D. melanogaster at 80% of pupal development. The reporter activity levels foreshadow adult pigmentation of the respective species (see grayscale for
fluorescence levels in all figures). (E) A map of the yellow locus indicates the relative positions of the fragments tested in (C) and (D) as well as the previously characterized
D. biarmipesminimal enhancer spot196 (23). bp, base pair. (F) Assay of transposase accessible chromatin sequencing (ATAC-seq) tracks of the corresponding yellow region
from pupal wings at different stages (expressed in percentage of the pupal life duration). Note the presence of two peaks of accessibility, best separated at 47% of pupal
development, a stage that we used to define the sequence coordinates of these peaks by visual inspection. Here and in all subsequent figures, the blue color denotes D.
melanogaster and the orange color denotes D. biarmipes.
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To test whether the observed repressive activity was specific toD.
melanogaster or ancestral to both species, we used chimeric con-
structs. Specifically, we assayed the repressive effect of D. mela-
nogaster peak-2 (peak-2mel) on D. biarmipes spot activity (peak-
1bia) and reciprocally (Fig. 2, E to H). A peak-1bia+peak-2mel con-
struct resulted in reduced spot activity compared to a peaks-
(1+2)bia construct (Fig. 2, E, H, and I), indicating that the novel
cis-repressing activity of D. melanogaster can target a heterologous
spot enhancer. Conversely, whileD. melanogaster spot enhancer was
silenced in its original context [construct peaks-(1+2)mel; Fig. 2B], it

became active when paired to D. biarmipes peak-2 orthologous se-
quence (construct peak-1mel+peak-2bia; Fig. 2, H and I), confirming
the absence of the repressive activity in D. biarmipes peak-2.

The DNA segment corresponding to peak-2 overlaps with
another enhancer, driving lower levels of yellow expression uni-
formly across the wing (Fig. 2D and fig. S3C), the wing blade en-
hancer (26, 28). In an attempt to disentangle the wing blade
activity from the spot-repressing activity, we mapped the latter
further with reporter constructs. We found that a 164–base pair
(bp) segment adjacent to peak-1 and devoid of wing blade activity

Fig. 2. A novel silencer represses the spot activity in D. melanogaster. (A) Design of reporter constructs to map the regulatory activities of accessible regions at the
yellow locus of D. melanogaster. peak-1 and peak-2 segments were defined based on visual inspection of the accessibility profiles, rather than based on peak calling. (B to
H) Reporter activity in transgenic D. melanogaster wings at 80% of pupal development for the following constructs: peaks-(1+2)mel (B), peak-1mel (C), peak-2mel (D), peaks-
(1+2)bia (E), peak-1+164 bpmel (F), peak-1bia+peak-2mel (G), and peak-1mel+peak-2bia (H). (I) Quantification of reporter activities in (B) to (H). Statistical differences were
examined using the Wilcoxon test. All box plots show the median and first and third quartiles of the data, overlaid with individual data points. ns, not significant
(P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001. The contour of wings with weak reporter activity is identified with a dotted line. All wings in this figure are homozygous
for the respective transgenes, and images were enhanced using the same settings, which differ from those used in other figures.
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was sufficient to abolish most of the spot activity (Fig. 2F). This
segment overlapped with a short stretch of differentially accessible
DNA between D. biarmipes and D. melanogaster (fig. S1B, inset).

Together, these results suggest two evolutionary steps that lead to
the emergence of a silencer (29), suppressing the spot activity in D.
melanogaster: a gain or increase of accessibility in the region imme-
diately adjacent to the core of the spot activity, spot196 (Fig. 1, E and
F) (26), and a gain of repressive activity in the newly accessible
region. We sought to characterize these events.

Increased accessibility of the D. melanogaster spot silencer
is promoted by the TF E93, an effector of the
ecdysone pathway
We first examined the origin of accessibility of this 164-bp repres-
sive segment. Genome-wide accessibility of regulatory elements in
developing wings is governed by the ecdysone pathway (30, 31).
Notably, the TF E93, uniformly expressed across the pupal wing
(fig. S2E) (31), directly regulates chromatin accessibility at thou-
sands of sites during D. melanogaster pupal wing development
(30). To test a possible control of E93 on the novel silencer, we de-
pleted E93 from pupal wings using RNA interference (RNAi)
(UAS-shE93 and NP3537-Gal4; two independent RNAi lines) and
monitored the consequences on peak-1+164 bpmel activity. We
found that the depletion of E93 was sufficient to restore a spot ac-
tivity with this construct (Fig. 3, B and D; and fig. S2, C and D).
Wondering whether this effect was direct, we scanned peak-1+164
bpmel with PWMEnrich (32), which uses a similar position weight
matrix to that published by Uyehara et al. (30) for E93. This scan
identified several putative binding sites, including four sites
within the 164-bp repressive segment, three of which are not con-
served in the orthologous region of spotted species (Fig. 3A and fig.
S4). Using a modified version of CUT&RUN (33), we then showed
that a tagged version of E93 (E93GFSTF) (30) bound upstream of
yellow transcription start site while the spot activity was being re-
pressed. In particular, a small peak of E93 binding centered on
the 164-bp repressive segment in phase with a peak of accessibility
and a peak of H3K27ac, a mark for active regulatory elements
(Fig. 3D and fig. S1D) (34). This was consistent with chromatin im-
munoprecipitation sequencing data showing that E93 binds to the
region of peak-2 in 24-hour after puparium formation (APF) pupal
wings (fig. S1D) (30). Last, to clarify the exact role of E93 in the re-
pression of the spot activity, we examined previously published E93
Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE)-
seq data on pupal wings from (30) (at 44% of pupal development,
somewhat earlier than the stages we have studied with ATAC-seq).
We found that the region of peak-2 at the yellow locus of D. mela-
nogaster had a markedly reduced accessibility in E93mutants com-
pared to wild type (fig. S1D).We concluded from these experiments
that the accessibility to the spot-repressive segment was granted by
the ecdysone pathway effector E93, presumably directly.

Because the spot enhancer, both the cryptic version of D. mela-
nogaster (peak-1mel) and the active version of D. biarmipes, is regu-
lated by the spatial regulator Dll, we were intrigued by previous
work showing a genetic interaction between these two factors
(35). In the context of touch organ development on fly legs, E93
has a permissive role, enabling the expression and action of Dll
and thereby the formation of bracts, cuticular productions at the
base of sensory bristles. Although this work did not examine the
molecular mode of action of E93 in bract cells, its conclusion is

perfectly consistent with the permissive role of E93 that we uncov-
ered at the yellow locus. It also hints at a possible direct partnership
between E93 and Dll.

Repression of the spot activity likely evolved through
splicing within the newly accessible region
Turning to the repressive activity proper, we noticed that the spot-
repressive segment of D. melanogaster had sequence gaps in the vi-
cinity of putative E93 TFBSs, compared to the orthologous seg-
ments of the spotted species D. biarmipes and Drosophila suzukii
(Fig. 4A). While the exact position of these indels depended on se-
quence alignment parameters, they nevertheless resulted in se-
quence splicing in D. melanogaster at two positions (site 1 and
site 2; Fig. 4A) in comparison to other species. We reasoned that
such splicing might have created TFBSs for repressors and tested
this possibility with point mutations at the spliced sites. A mutation
of the first candidate repressor site (peak-1+164 bpmel KO site 1) re-
sulted in a weak but clear derepression of the cryptic spot activity
(Fig. 4, B, C, and E), while a mutation of the second site (peak-
1+164 bpmel KO site 2) did not lead to derepression (Fig. 4, B, D,
and E). In summary, our data suggest that the spot activity of D.
melanogaster is constitutively silenced through sites for an uniden-
tified repressor, located within a 164-bp DNA segment adjacent to
the core spot196, and accessible in pupal wings.

DISCUSSION
The results presented here show a direct involvement of chromatin
accessibility changes to regulatory and morphological evolution
(Fig. 4F). We propose that, along with the gains and losses of
TFBS for spatial regulators, modulation of enhancer accessibility
constitutes a level of phenotypic diversification that may have
been overlooked. Genome-wide analyses among ecotypes of the
plant Arabidopsis thaliana suggested, for instance, that most diver-
gences in accessibility of regulatory regions were not associated with
changes in gene expression (36); likewise, a comparative survey of
accessibility changes between two yeast species concluded that
changes in accessibility might have modest consequences on gene
regulation (37). It is conceivable that the contribution of accessibil-
ity changes to regulatory evolution is difficult to assess, because the
functional significance of accessibility peaks is not necessarily pro-
portional to peak size and might be biased by peak-calling
procedures.

Rather than an enhancer decay or deletion (8, 38), the evolution-
ary mechanism that led to the loss of activity of an enhancer of the
pigmentation gene yellow is convoluted and implies several evolu-
tionary steps (Fig. 4F). The silenced spot activity represents cryptic
variation (39) potentially available for the reemergence of a pigmen-
tation spot or perhaps expressed under certain environmental con-
ditions or genomic background. Epigenetic changes have been
shown to affect pigmentation through the modification of accessi-
bility of specific regulatory regions in response to temperature
changes (40).

In terms of mutational path and likelihood (41), the activity of an
enhancer may be lost through direct mutations in its TFBSs, rather
than repressed by the emergence of a new cis-regulatory element.
The former situation has been abundantly documented in insects
and in vertebrates (7–9, 42–44). A rare and interesting exception in-
volves the gain of a repressor TFBS leading to enhancer silencing
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(45). These different studies, however, did not examine whether ac-
cessibility had changed along with the reduced or lost enhancer ac-
tivity. It is conceivable that when an enhancer accumulates
mutations in TFBSs for activators, it also accumulates changes in
sites regulating accessibility, but these accessibility sites may be
mutated first, corresponding to the onset of enhancer decay.

The situation that we observed in D. melanogaster, however, re-
quires a more complex explanation. One possibility is that the si-
lencing of the spot evolved by serendipity and was rapidly fixed,

for instance, under sexual selection from females preferring non-
spotted males. Alternatively, the entangled regulatory structure of
yellow in spotted species (26) may have constrained the mutational
path to losing the spot activity through silencing. For reasons that
remain elusive, the direct mutation of spot activator sites may not
have been permissible in terms of natural selection, for instance,
because of pleiotropic effects on the wing blade activity. The emer-
gence of a silencer may have offered an alternative route,

Fig. 3. The ecdysone effector E93 regulates accessibility of a novel silencer at theD.melanogaster yellow locus. (A and B) The spot-repressing activity (A) is reduced
when depleting E93 from pupal wings by means of RNA interference (RNAi) (B). The knockdown of E93 function also affects general wing development in this line,
resulting in deformed wings. (C) Predicted E93 sites and their relative binding affinities (proportional to bar lengths) along peak-1+164 bpmel [based on the binding
motif defined in (30)]. Note that the predicted repressive segment mapped in Fig. 2 contains four putative E93 binding sites, highlighted in green. (D) E93 binds to
the 164-bp repressive segment. A greenCUT&RUN experiment (33) shows a peak of E93 binding phased with a small peak of accessibility and marks for active regulatory
elements (H3K27ac) centered on the 164-bp repressive segment (turquoise blue). Wings in (A) and (B) are heterozygous for the transgene, and both images were en-
hanced using the same settings, which differ from those used in other figures.
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circumventing pleiotropic deleterious effects on other aspects of
yellow regulation.

MATERIALS AND METHODS
Fly husbandry, fly stocks, and dissection
Our Drosophila stocks were maintained on standard cornmeal
medium at 25°C (unless otherwise specified) with a 12-hour day/
12-hour night light cycle. The stocks used in this study are as
follows: D. biarmipes genome line (cultured at 20°C) (46); D.

Fig. 4. The evolution of repressive sites in a newly accessible region of yellow. (A) The 164-bp D. melanogaster–repressive segment misses short stretches of se-
quence compared to spotted species (indels), creating two potential binding sites for repressors (site 1 and site 2, highlighted inmagenta). (B toD) Function of sites 1 and
2, defined in (A). Mutation of site 1 (C) in the context of peak-1+164 bpmel results in a derepression of the spot activity compared to the activity of the wild-type sequence
(B). Mutation of site 2 (D) in the context of peak-1+164 bpmel resulted in even less activity than thewild-type construct. (E) Quantification of reporter activities shown in (B)
to (D) (overall fluorescent signal between veins L2 and L3). All wings in this figure are homozygous for the respective transgenes, and images were enhanced using the
same settings, which differ from those used in other figures. Statistical differences were examined using the Wilcoxon test. All box plots show the median and first and
third quartiles of the data, overlaid with individual data points. ***P < 0.001. (F) A model for the evolutionary emergence and function of novel silencer at the yellow locus.
The top schematic depicts an active spot enhancer (green) in a spotted species such as D. biarmipes, devoid of silencer. The bottom schematic shows a repressed spot
enhancer (gray) under the control of a novel silencer (turquoise) in D. melanogaster. This silencer is accessible through the local action of E93 (green) and antagonizes the
spot activity through an unidentified repressor (magenta, “?”).
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melanogaster Canton S (cultured at 20°C); D. melanogaster UAS-
E93 RNAi lines P{TRiP.HMC04773}attP40 (Bloomington, no.
57868) and KK108140 (Vienna Drosophila Resource Center, no.
V104390) (47); D. melanogaster UAS-Dll RNAi line (Bloomington,
no. 29337); D. melanogaster protein trap line E93GFSTF (Blooming-
ton, no. 43675) (30); NP3537, tub-GAL80ts [wing-specific Gal4
driver combined to a thermosensitive Gal80 repressor (48)]; and
D. melanogaster line D2 (26). All UAS RNAi lines were driven by
the wing-specific Gal4 driver NP3537 (48) and cultured at 25°C,
where Gal4 is repressed by a tub-GAL80ts transgene. Selected wan-
dering third instar larvae or white pre-pupae were transferred to
29°C and imaged 72 to 75 hours later. Pupal stages are expressed
in percentage of pupal development, where white pre-pupae corre-
spond to 0% and flies about to emerge from the pupal case corre-
spond to 100%. This establishes a unique scale for staging pupae
from different species, with pupal life of slightly different durations
or pupae raised at different temperatures.Wings for genomic exper-
iments were dissected either on microscope slides (for pupae older
than 60%) or in cold phosphate-buffered saline (PBS) (for pupae
younger than 60%) and rinsed in cold PBS following previous de-
scriptions (49, 50).

Transgenesis
All reporter constructs were injected as described in Arnoult et al.
(23). We used ɸC31-mediated transgenesis (51) and integrated all
constructs at the genomic attP site VK00016 (attP line; Blooming-
ton, no. 9735) on chromosome 2 (52). The enhancer sequence of all
transgenic stocks was genotyped before imaging. The sequences of
all fragments that we tested are provided in table S1. All primers are
listed in table S2.

Molecular biology
Constructs for enhancer-reporter assay were cloned as described
before (26) with some modifications. PCR-amplified fragments
derived from D. biarmipes and D. melanogaster genomic strains
used for ATAC-seq were cloned into pRedSA digested with Eco
RI and Bam HI, using the T4 ligase (New England Biolabs, USA).
Chimeric constructs were stitched using type IIS restriction enzyme
cloning. The 164-bp fragments with mutations were synthesized by
Integrated DNA Technologies (USA) with adaptors for type IIS re-
striction enzymes and then cloned into pRedSA.

ATAC-seq
ATAC-seq was performed as described in Xin et al. (26) with mod-
ifications. For nuclei preparation: Dissected wings were immediate-
ly moved into cold 1× lysis buffer after rinsing. Twenty-four 0%
pupal development wing discs, 14 to 17 wings from at least 11 in-
dividuals at 47% pupal development, and 24 wings from later stages
were used for the following steps, respectively. Only the pupal wings
older than 60% of pupal development were cut before disruption.
Samples were incubated on ice for 20 to 30 min before and after
disruption. For tagmentation: The reaction was set up with 18 μl
of Tagment DNA Buffer (Illumina, no. 15027866) with nuclei
plus 2 μl of Tagment DNA Enzyme (Illumina, no. 15027865).
ATAC-seq library preparation and sequencing were performed as
described in Xin et al. (26), with two replicates per stage (biological
replicates). ATAC-seq libraries were then processed as described in
in Xin et al. (26) until peak calling. Normalized bedGraph files were
then generated from two merged replicates using MACS2 with the

following settings: --keep-dup all; -q 0.01; --nomodel; --shift -100;
--extsize 200; -B --SPMR. Peak calling was performed using
HOMER (53) with the following settings: -style histone -size 100
-minDist 100 -gsize 1.2e+8 -o auto.

CUT&RUN
We adapted the manufacturer’s protocol (EpiCypher, Chapel Hill,
USA) in the following subsections.
Buffers
1× PBS with 6 mM MgCl2; ATAC-seq 1× lysis buffer; cross-link
buffer: 10 mM Hepes (pH 8.0), 100 mM NaCl, 1 mM EDTA (pH
8.0), 0.5 mM EGTA (pH 8.0), and 0.1% formaldehyde (Sigma-
Aldrich, F1635); 2.5 M glycine in 1× PBS; quench solution: 1×
PBS, 125 mM glycine, and 0.1% Triton X-100. Other buffers
follow EpiCypher protocol, including bead activation buffer,
cross-link (XL) prewash buffer, XL wash buffer (WB), digitonin
buffer with 0.01% digitonin, antibody buffer, and stop buffer.
Cell preparation
Thirty-five to 45 wings per biological replicate at 67% pupal devel-
opment fromD. melanogaster lineD2 (26) were transferred into a 5-
ml Eppendorf tube with cold 1× PBS with 6 mM MgCl2, rocked at
4°C with 1× cold lysis buffer for 5 min, and then lightly cross-linked
(1 min) with the cross-link buffer. The wings were then rocked at
room temperature for 1 min and immediately quenched with
glycine, transferred into a glass well with 50 μl of cold XL WB
buffer, and cut coarsely (three pieces per wing). Homogenization
was performed with a 2-ml dounce using pestle A for 12 strokes
and then pestle B for 30 strokes. The homogenate was incubated
on ice for 40 to 50 min and then centrifuged at 1000g for 10 min
at 4°C with an addition of 500 μl of XL WB. The nuclei pellet was
resuspended with 100 μl of XLWB and processed for CUT&RUN.
CUT&RUN against H3K27ac
We followed instructions from EpiCypher, including bead activa-
tion, binding cells to activated beads, binding of antibodies,
binding of Protein A and G fused to Micrococcal Nuclease (pAG-
MNase), targeted chromatin digestion and release, and reverse
cross-linking. DNA was then purified with QIAGEN MinElute kit
and subsequently processed for library preparation. One microliter
of antibody against H3K27ac (Active Motif, no. 39034) was used.
Two biological replicates were done.
greenCUT&RUN against E93
Cells were prepared as described above for canonical CUT&RUN
with minor modifications. Seventy to 90 pupal wings (72% pupal
development) per replicate from E93 protein trap (Bloomington,
no. 43675) were used for the experiment (two biological replicates
were done). The wings were rocked at room temperature for 4 min
for cross-link, instead of a 1-min light cross-link. We then followed
the protocol from Koidl et al. (33) until the DNA isolation step. The
concentration of digitonin in the digitonin buffer was 0.05%.
Reverse cross-link and DNA isolation were done as described
above for CUT&RUN against H3K27ac. The DNA was then pro-
cessed for library preparation. MNase-coupled green fluorescent
protein nanobodies were from M. Timmers.
Library preparation, sequencing, and data analysis
For both CUT&RUN and greenCUT&RUN, we used the NEBNext
Ultra II DNA Library Prep Kit for Illumina and NEBNext Multiplex
Oligos for Illumina (Dual Index Primers Set 2) for library construc-
tion, following the protocol from Liu (54). Sequencing was done as
in Xin et al. (26). The sequencing depth is 5 to 10 million reads per
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library. Demultiplexed and trimmed libraries were aligned to the
reference genome UCSC (University of California, Santa Cruz)
dm6 using Bowtie2 (55, 56) with parameters from Meers et al.
(57): --end-to-end --very-sensitive --no-mixed --no-discordant -q
--phred33 -I 10 -X 700. The aligned reads were filtered and
cleaned as described for ATAC-seq in (26). Peak calling was done
by MACS2 (58) with the following settings: -f BAMPE --keep-dup
all -q 0.01 -g 1.2e+8 -B --SPMR.

yellow RNA quantification
RNA extraction
Ten to 12 wings from at least 7 individuals (earlier than 60% of
pupal development) and 15 to 20 wings from at least 10 individuals
(older than 60% of pupal development) were dissected, rinsed twice
in cold PBS, and then transferred into ~150 μl of RLT buffer
(QIAGEN) with β-mercaptoethanol and stored at −80°C until
further processing. Before performing RNA extraction, each
sample was brought up to 350 μl with RLT buffer and transferred
into tubes with 2.38-mm metal beads (QIAGEN PowerBead). The
wings were homogenized using a microtube homogenizer
(BeadBug) for 50 s, power at 400, repeated once. The following
steps were performed on the basis of the QIAGEN RNeasy Kit pro-
tocol. The RNA was then treated with deoxyribonuclease I
(M0303S, New England Biolabs, USA) and then cleaned up using
the Monarch RNA Cleanup kit (New England Biolabs, USA). The
following stages were selected for RNA extraction: 30, 56, 61, 70, 77,
and 86% of pupal development.
RT-PCR
cDNAwas synthesized using ProtoScript II First Strand cDNA Syn-
thesis Kit (New England Biolabs, USA) following the manufactur-
er ’s instructions. Six microliters of RNA was used for cDNA
synthesis. Reverse transcription PCR (RT-PCR) was performed
using Phusion High-Fidelity DNA Polymerase (New England
Biolabs, USA), and cDNA was synthesized as above. Primers used
for RT-PCR are described in Table S2. RT-PCR products were
checked on 1.3% agarose gel.
Quantitative real-time PCR
Quantitative real-time PCR was performed using Phusion High-Fi-
delity DNA Polymerase (New England Biolabs, USA) and SYBR
Green I Nucleic Acid Gel Stain (Invitrogen), and cDNAwas gener-
ated as described above. The expression levels of Actin 42A at each
time point was used as an internal control. The primers were the
same as the ones used for RT-PCR. The Ct values were measured
by the Bio-Rad CFX Connect Real-Time PCR Detection System,
and the Ct values from technical duplicates and biological dupli-
cates were averaged for relative expression calculation.

Imaging
Sample preparation and microscopy
All transgenic wings imaged in this study were homozygous for the
reporter construct, unless otherwise stated. Male white pre-pupae
were left to develop for 90 to 92 hours at 25°C. Pupal wings were
dissected as described above, transferred into water to unfold
them, then mounted in PBS on a microscope slide with a coverslip,
and immediately imaged with a Ti2-Eclipse Nikon microscope. All
images were acquired as in Xin et al. (26).
Fluorescence quantification
z stacks were projected using Fiji (59) with maximum intensity. Pro-
jected images were further processed inMATLAB to generate masks

segmenting nuclei with fluorescent signal. Specifically, a Gaussian
high-pass filter was used to detect and segment nuclei before gen-
erating nuclei binary masks. These masks were then used to
measure image intensity in Fiji. At least seven individual wings
were measured for each construct. In Fig. 2I, the degree of repres-
sion of spot activity was measured as the ratio of average fluores-
cence (overall intensity/area) between two areas of the wing: The
region comprised between veins L2 and L3 and the region posterior
to vein L5. The former is the region where spot activity is modulated,
and the latter is a reference for uniform wing blade activity. For each
wing image, the region between L2 and L3 as well as the region pos-
terior to L5 were selected manually, and the mean intensity of each
was measured using the masks described above. In Fig. 4E, the
overall intensity of the region between L2 and L3 was measured
after applying a mask segmenting the nuclei but was not compared
to the region posterior to L5 as above, as these constructs are devoid
of wing blade activity. The number of nuclei per wing, counted
using different reporter lines with expression across the wing,
does not vary much in this genetic background (12,392 ± 889;
n = 36) and is not likely to bias the overall intensity signal.
Image enhancement
Images in the figures were enhanced for visual clarity in agreement
with the journal image integrity standards, exclusively with linear
adjustments.

E93 motif search
Software from Bioconductor, PWMEnrich (32), was used for motif
scan. A built-in motif database forDrosophilawas used for scanning
motifs. “Eip93F_SANGER_10_FBgn0013948” was used for plotting
E93 binding sites on yellow sequences (peak-1+164 bpmel; Fig. 3C).

Multisequence alignment
Multisequence alignment was performed with MUltiple Sequence
Comparison by Log-Expectation (MUSCLE) from European Mo-
lecular Biology Laboratory-European Bioinformatics Institute
(EMBL-EBI) online tools (60) using default settings. All sequences
from yellow upstream regulatory regions are from the reference
genomes of D. suzukii, D. melanogaster, and D. biarmipes and
listed in table S1 as y 5′ fullsuz, y 5′ fullmel, and y 5′ fullbia, respectively.

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
Legends for tables S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Tables S1 and S2

View/request a protocol for this paper from Bio-protocol.
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