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SUMMARY

Biological systems display extraordinary robust-
ness. Robustness of transcriptional enhancers re-
sults mainly from clusters of binding sites for the
same transcription factor, and it is not clear how
robust enhancers can evolve loss of expression
through point mutations. Here, we report the high-
resolution functional dissection of a robust enhancer
of the shavenbaby gene that has contributed to
morphological evolution. We found that robustness
is encoded by many binding sites for the transcrip-
tional activator Arrowhead and that, during evolution,
some of these activator sites were lost, weakening
enhancer activity. Complete silencing of enhancer
function, however, required evolution of a binding
site for the spatially restricted potent repressor
Abrupt. These findings illustrate that recruitment
of repressor binding sites can overcome enhancer
robustness and may minimize pleiotropic conse-
quences of enhancer evolution. Recruitment of
repression may be a general mode of evolution to
break robust regulatory linkages.

INTRODUCTION

Development is robust at many levels, including the develop-
ment of organs (Abouchar et al., 2014; Debat et al., 2009), the
expression of single genes (Cannavo et al., 2016; Degenhardt
etal., 2010; Frankel et al., 2010; Perry et al., 2010), and the func-
tion of single transcriptional enhancers, where robustness can
be encoded by clusters of binding sites for the same transcrip-
tion factor (Crocker et al., 2015; Uhl et al., 2016). Robustness
clearly evolved to facilitate life on a variable earth. But
robustness also presents an evolutionary paradox. How can
robust transcriptional systems evolve altered functions through
mutations of relatively small effect—probably the major contrib-
utors to evolution (Rockman, 2012)—to drive morphological
evolution?

The diversity of life on earth is prima facie evidence that evolu-
tion can overcome robustness to generate diversity, but it is not
clear how this is accomplished. Biological robustness is en-
coded in part directly within transcriptional enhancers. Under-
standing how enhancer robustness can be overcome requires
a reasonably comprehensive understanding of the regulatory

inputs into enhancers that have evolved new functions. Several
enhancers have been functionally dissected to identify most or
all of the regulatory inputs (Flores et al., 2000; Small et al.,
1991; Stanojevic et al., 1991; Yuh and Davidson, 1996), but these
enhancers appear not to have contributed to phenotypic evo-
lution. In contrast, most previous examples of changes in
transcription factor binding sites contributing to phenotypic evo-
lution do not provide significant insight into the regulatory archi-
tecture of the entire enhancer (Gompel et al., 2005; Jeong et al.,
2006; Van Moerkercke et al., 2011; Shim et al., 2012; Shirangi
et al., 2009; Visser et al., 2012; Williams et al., 2008). Here, we
provide a high-resolution dissection of the evolved sites at a
robust enhancer that evolved to generate a morphological differ-
ence between two closely related species of Drosophila.

For many years, our laboratory has focused our evolu-
tionary studies on an apparently simple anatomical feature of
Drosophila, the pattern of microtrichia, non-sensory cuticular
projections that are often called trichomes, which decorate the
dorsal and lateral surface of first-instar larvae. Trichome patterns
have provided a useful system for several reasons (Stern and
Frankel, 2013), including the fact that trichomes represent an
easily quantified output of gene expression and trichome pat-
terns have evolved in multiple Drosophila species. The relative
simplicity of this system has allowed extensive, detailed studies
of the molecular mechanisms underlying evolutionary change
(Frankel et al., 2010, 2011, 2012; McGregor et al., 2007; Sucena
and Stern, 2000; Sucena et al., 2003). For example, the dorsal
and lateral surface of first-instar larvae of Drosophila mela-
nogaster is decorated with broad swathes of so-called quater-
nary trichomes (Figures 1A and 1B). In contrast, first-instar larvae
of the closely related species Drosophila sechellia do not
produce these quaternary trichomes (Figures 1D and 1E). This
evolutionary transition resulted entirely from changes in the regu-
lation of the shavenbaby (svb) gene (Sucena and Stern, 2000).
Svb encodes a transcription factor that directs trichome
morphogenesis in many epidermal cells (Arif et al., 2015; Cha-
nut-Delalande et al., 2006; Payre et al., 1999). Seven enhancers
in the cis-regulatory region upstream of the svb promoter (Fig-
ure 1H) control the complex embryonic expression of svb in
D. melanogaster (Figure 1F; Frankel et al., 2010, 2011; McGregor
et al., 2007). The enhancers drive expression in overlapping pat-
terns that provide robustness of svb expression against both
environmental and genetic variation (Frankel et al., 2010). In
D. sechellia, five of these enhancers evolved reduced embryonic
activity specifically in quaternary cells, causing loss of svb
expression in these cells (Figure 1G) and the evolution of naked
cuticle (Frankel et al., 2010; McGregor et al., 2007). Trichomes
have evolved in a similar way in the distantly related Drosophila
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Figure 1. Trichome Patterns Have Evolved between Drosophila Spe-
cies by Changes in the Regulatory Region of the svb Gene

(A) Lateral-view drawing of a first-instar larva of D. melanogaster. The dark
rectangle demarcates the region shown in (B)-(D).

(B-D) Dorsolateral cuticle of the fifth abdominal segment of D. melanogaster
(B), D. simulans (C), and D. sechellia (D). Dashed line indicates the border
between the dorsal and lateral domains where trichomes were counted. The
circles indicate three sensory bristles that are present in all three species.
Adapted from McGregor et al. (2007).

(E) Trichome numbers in dorsal (top) and lateral (bottom) regions of the indi-
cated species. Circles indicate counts for each individual (n = 10 for each
species). Horizontal and vertical lines indicate the mean +1 SD.

(F and G) Expression patterns of svb mRNA in stage 14 embryos of
D. melanogaster (F) and D. sechellia (G). Adapted from McGregor et al. (2007).
(H) Schematic representation of the svb locus, indicating embryonic enhancers
(light gray boxes). The evolved E6 enhancer is highlighted in red. Genes are
indicated in dark gray. Vertical magenta lines in the E6 box mark the position of
D. sechellia-specific mutations that contributed to trichome loss. The numbers
refer to the cluster in which these mutations reside. The position of the E6B
fragment relative to E6 is shown at the bottom of this panel.

(I-L) Expression of D. melanogaster E6::LacZ (I, melE6), D. sechellia E6::LacZ
(J, secEB), D. melanogaster E6B::LacZ (K, melE6B), and D. sechellia E6B::LacZ
(L, secE6B) reporter constructs in D. melanogaster stage 15 embryos.

See also Figure S1.

2 Developmental Cell 39, 1-13, December 5, 2016

virilis clade as a result of changes in svb enhancers that are
orthologous to the enhancers found in D. melanogaster and
D. sechellia (Frankel et al., 2012). The svb enhancers are there-
fore “hot spots” for evolutionary changes in larval trichome
patterns.

Detailed studies of one of these enhancers, called E6, revealed
that the reduced embryonic expression of the D. sechellia E6
enhancer resulted from many single-nucleotide substitutions
and one single base-pair deletion located in four clusters (Fig-
ure 1H; Frankel et al., 2011). These observations suggested
that reduced E6 expression in D. sechellia resulted from changes
in the binding of specific, but unknown, transcription factors.

It has traditionally been challenging to identify the transcription
factors that bind to enhancers when, as is the case with these E6
sequences, the relevant DNA sequences do not exhibit strong
similarity to the known DNA binding sites for a single transcrip-
tion factor. This problem is particularly challenging for develop-
mentally regulated enhancers where it is not possible to extract
large quantities of proteins from specific cells for potential
discovery of protein-DNA binding through biochemical ap-
proaches. Here we overcame these roadblocks by combining
genetic, genomic, and biochemical approaches to identify the
transcription factors that bind differentially to evolved sites in
the D. melanogaster and D. sechellia E6 enhancers. We show
that the transcriptional activators Arrowhead (Awh) and Pannier
(Pnr) are positive regulators of the svb E6 enhancer and that
four Awh binding sites were lost in the D. sechellia E6 enhancer.
Despite the loss of these binding sites, the D. sechellia enhancer
maintained functional activator sites that can drive expression.
However, the D. sechellia enhancer also acquired a binding
site for the potent repressive transcription factor Abrupt
(Ab), leading to complete loss of embryonic expression. This
repressor overcomes the residual expression driven by the re-
maining activator binding sites. The repressor Ab displays
spatially restricted expression, which may limit the pleiotropic
consequences of the gain of this repressor binding site. These
results illustrate how loss and gain of transcription factor binding
sites can overcome the robust function of a conserved enhancer
to contribute to morphological evolution.

RESULTS

The D. melanogaster svb E6 (melE6) enhancer drives stripes
of expression in the dorsal and lateral epidermis of stage 15
embryos. In contrast, the orthologous DNA sequence from
D. sechellia (secE6) does not drive detectable levels of expres-
sion (Figures 11 and 1J), and this loss of expression contributed
to the loss of quaternary trichomes in D. sechellia (Frankel et al.,
2011; McGregor et al., 2007). We performed a systematic func-
tional dissection of the 1 kb melE6 enhancer and identified a
390 bp region of melE6, named melE6B (Figure 1H), that accu-
rately recapitulated the expression pattern of the full melE6
region (Figure 1K; Frankel et al., 2011). Surprisingly, the ortholo-
gous D. sechellia E6B region (secE6B) drove low levels of
expression in the quaternary cells (Figure 1L). This observation
indicates that secE6B encodes binding sites for transcriptional
activators and that the full secE6 enhancer acquired one
or more binding sites for a repressor. Two of the four evolved
sites that contributed to trichome loss in D. sechellia are located
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Figure 2. The D. sechellia E6 Enhancer
Evolved through a Loss of Activation and a
Gain of Repression

(A) Sequences of the evolved site 3 (left) and
site 2 (right) with the aligned sequences from
D. melanogaster (mel), D. simulans (sim), and
D. sechellia (sec). The D. sechellia-specific
changes are highlighted in magenta. The experi-
mental design is illustrated at the bottom of
the panel.
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In contrast, if an evolved D. sechellia site
caused gain of a repressor binding site,

simE6B
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40%
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~100 and 17 bp upstream of secE6B (Figure 1H). Of all the
evolved sites these two, named sites 2 and 3, respectively,
exhibited the largest effects on trichome number in functional
assays (Frankel et al., 2011). We therefore hypothesized that at
least one of these two sites created a binding site for a repressor
in D. sechellia.

Loss of an Activator Binding Site and Gain of a Repressor
Binding Site Caused Evolutionary Reduction in

Enhancer Activity

To determine the effects of evolved sites 2 and 3 in isolation,
we tested the ability of each site to modulate the activity of
E6B in transgenic embryos. We first examined expression
of the E6B region from the species most closely related to

65%  then the D. melanogaster site should not
alter simE6B activity and the D. sechellia
site should reduce simE6B expression.
Since we thought that we might observe subtle effects of these
manipulations, we assayed the activity of the chimeric trans-
genes quantitatively, by measuring the fluorescence intensity
in abdominal segments A2-A5 (Figures 2B-2K).

Placing the D. melanogaster site 3 (mel_site3) upstream of
simE6B —to generate mel_site3-simE6B— caused a small eleva-
tion in the expression levels driven by simE6B (Figures 2D and
2E). In contrast, appending site 3 from D. sechellia (sec_site3)
onto simE6B —to make sec_site3-simE6B —did not alter the ac-
tivity of simE6B (Figures 2F and 2G). These results indicate that
mel_site3 contains an activator binding site, and that this site
was lost in D. sechellia.

In contrast to site 3, placing the D. melanogaster site 2 (mel_
site2) upstream of simE6B—to generate mel_site2-simE6B—did
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not alter expression of simE6B (Figures 2H and 2I). Strikingly, at-
taching the orthologous sequence from D. sechellia (sec_site2)
to simE6B—to generate sec_site2-simE6B—almost completely
abolished simE6B expression (Figures 2J and 2K). Thus, the
secE6 enhancer acquired a binding site, sec_site2, for a potent
transcriptional repressor. Upon binding, this repressor can over-
come all the positive inputs that drive E6B expression.

To test whether the evolved repressor binding site, sec_site2,
can function in other contexts, we placed it upstream of the
D. melanogaster ventral svb enhancer melE3N to generate sec_
site2-melE3N (Figure S2A). The wild-type melE3N drives expres-
sion in ventral rows of segments A1-A8 (Crocker et al., 2015) and
in the dorsal amnioserosa (Figures S2B and S2C). The sec_site2-
melE3N construct, on the other hand, did not drive any ventral
expression, but showed amnioserosa expression similar to that
driven by melE3N (Figures S2D and S2E). Thus, the repressor
binding site can function in multiple contexts and the repressor
that binds to sec_site2 functions both in the dorsal and ventral
epidermis but not in the amnioserosa.

Sec_site2 contains three substitutions specific to D. sechellia
(Figure 2A). Mutating each of these positions separately from
the D. sechellia state back to their ancestral state revealed that
the two rightmost nucleotide substitutions (GC to AT) are
required for the repression activity of sec_site2 (Figures S2G-
S2P). In fact, the 8 bp encompassing these substitutions
(GCAATTGC), which we call sec_site2_8, are sufficient to reca-
pitulate the repression activity caused by the 32 bp sec_site2
(Figures S2Q and S2R). Taken together, these results indicate
that the loss of an activator binding site at site 3 and the gain
of a repressor binding site at site 2 caused most of the reduction
in secE6 function.

Cell Type-Specific Transcriptome Profiling of svb-
Expressing Cells

To clarify how these evolved sites confer new functions, we
sought to identify the transcription factors that bind to mel_site3
and sec_site2. Bioinformatics analysis using JASPAR (Mathelier
et al., 2015) predicted binding of 40 different homeobox-contain-
ing proteins to mel_site3 (Table S1). Sec_site2_8, on the other
hand, contains an E-box motif (CANNTG), but is not predicted
to bind any of the HLH proteins —which bind E-box motifs—en-
coded in the fly genome. To narrow down the candidate tran-
scription factor(s) that might bind to mel_site3 and to identify
the transcription factor(s) that bind to sec_site2_8, we combined
cell type-specific transcriptomics with a reverse genetic screen.

Previous genetic work demonstrated that all of the evolved ge-
netic changes influencing svb expression are encoded in the svb
upstream cis-regulatory region and that the trans-regulatory
environment that influences svb expression is conserved be-
tween D. sechellia and D. melanogaster (McGregor et al., 2007;
Sucena and Stern, 2000). Thus, identification of the transcription
factors expressed in D. melanogaster svb cells should identify all
factors that bind to both the D. melanogaster and D. sechellia
enhancers.

The fly genome encodes approximately 700 transcription
factors, most of which are expressed during embryogenesis
(Hammonds et al., 2013). To narrow down the list of potential
regulators we sought to identify all of the transcription factors
expressed specifically in svb-expressing cells in early stage 14
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D. melanogaster embryos. We used a D. melanogaster strain
carrying a 3 kb enhancer that includes both melE3 and melE6
(melE10, Frankel et al., 2011) to drive EGFP in a subset of svb-ex-
pressing cells (Figures 3A and S3A). The cells in early stage 14
embryos carrying this reporter construct were dissociated and
EGFP-positive cells were isolated on a fluorescence-activated
cell sorter (FACS). RNA from EGFP-positive cells (representing
approximately 1% of the cells in the embryo, Figure S3B) was
used for transcript profiling by RNA sequencing (RNA-seq). As
predicted, the melE10-positive cells were enriched for svb tran-
scripts and also for transcripts derived from most of the known
svb target genes (Figures 3B and S3C; Menoret et al., 2013).
We estimated the number of transcripts expressed per cell by
spiking quantitative controls into our libraries to normalize the
transcript counts and by dividing these normalized transcript
counts by the number of cells used to make each library. We
determined that 169 transcription factors were expressed in
melE10 cells at levels greater than half a transcript per cell, which
we used as a conservative cutoff to identify genes likely to be ex-
pressed at functional levels in svb cells (Figure 3C and Table S2).
These results allowed a focused search for transcription factors
that bind differentially to evolved sites between D. melanogaster
and D. sechellia.

The Evolved Site 3 Encodes a Binding Site for the
Transcriptional Activator Arrowhead

We first sought to identify the transcriptional activator that binds
mel_site3 and whose binding was lost in sec_site3. Only 3 of the
40 homeobox-containing transcription factors that bioinformat-
ics analysis predicted to bind to mel_site3, but not to sec_site3,
are expressed in melE10 cells (tailup, Arrowhead, and C15; Table
S1). Among these, Arrowhead (Awh) was a good candidate for
two reasons. First, mel_site3 contains two predicted Awh bind-
ing sites in opposite orientations that were both lost in sec_site3
(Figure 4A and Table S1). Second, Awh is expressed in the em-
bryo in a pattern similar to the svb expression pattern (compare
Figures 4B and 1F).

We first tested whether the Awh protein can bind directly to
mel_site3 using electrophoretic mobility shift assays (EMSAs)
with the purified Awh homeodomain (HD). Awh showed concen-
tration-dependent binding to mel_site3, with a double-band shift
that is consistent with the prediction of two Awh sites in this
oligonucleotide (Figure 4C). In contrast, the nucleotide changes
in sec_site3 abolished Awh binding (Figure 4C). Therefore, two
Awh binding sites were lost in sec_site3 through a single base-
pair substitution and a single bp deletion.

We next tested whether the increase in expression observed
for mel_site3-simE6B compared with simE6B requires Awh.
Downregulation of Awh using two independent double-strand
RNA lines significantly reduced expression driven by mel_
site3-simE6B (Figure S4). In addition, we found that complete
loss of Awh function, in Awh null embryos, almost completely
abrogated expression of mel_site3-simE6B (Figures 4D and
4E). These results indicate that Awh acts as a transcriptional
activator and that E6 enhancer activity requires Awh.

Finally, we examined whether Awh is required for trichome
production in D. melanogaster. The number of trichomes on
larvae heterozygous for null mutation in Awh was similar to the
number of trichomes on wild-type larvae (Figures 4F, 4G, and
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Figure 3. Cell Type-Specific Transcript Profiling of svb Cells

Transcription factor coding genes

(A) Schematic representation of the cell type-specific transcript profiling procedure. Early stage 14 embryos carrying the melE10 enhancer tagged with EGFP
(melE10::EGFP) were disassociated and EGFP-positive cells were isolated on FACS. The melE10-positive cells represented ~1% of the cells in the embryo. RNA

from the melE10 cell population was used for transcript profiling by RNA-seq.

(B) Volcano plot representing differential gene expression between melE10 cells and the FSC cell population (all cells in the embryo). The data were derived from
four independent biological replicates and each point represents a gene. Differentially expressed genes (fold change >1.5, g < 0.05) are shown in magenta.

Enriched known svb target genes (Menoret et al., 2013) are indicated.

(C) Abundance of all of the transcription factors expressed in melE10 cells plotted from most to least abundant. The blue dashed line represents the threshold (half
atranscript per cell) that we used as a cutoff to generate a list of 169 transcription factors that are expressed in svb-expressing cells. The magenta points indicate
genes that are enriched in svb-expressing cells compared with the rest of the embryo. These points are labeled with the corresponding gene. In addition, the point
corresponding to abrupt is labeled, although this gene is not differently expressed in svb-expressing cells.

See also Figure S3 and Table S2.

41). In contrast, embryos that lacked Awh produced significantly
fewer trichomes than wild-type embryos, exhibiting 30% and
54% reduction in dorsal and lateral trichome number, respec-
tively (Figures 4F, 4H, and 4l). The quantitative reduction in
trichome number in the Awh null, as opposed to a complete
loss of trichomes, is consistent with our previous findings that
multiple enhancers regulate svb expression in quaternary cells
(Frankel et al., 2010, 2011; McGregor et al., 2007). It is possible
that Awh regulates the expression of svb exclusively through
binding to E6 and that other svb enhancers respond to different
inputs.

Arrowhead Regulates the E6 Enhancer through Multiple
Binding Sites

We noticed that complete loss of Awh function, in Awh null em-
bryos, caused a stronger reduction in mel_site3-simE6B activity
(Figure 4E) than we observed with loss of two Awh binding sites
when mel_site3 was changed to sec_site3 (compare Figures 2E
and 2G). This result suggests that simE6B (and probably
melE6B) contains additional Awh binding site(s). Furthermore,

mel_site3-simE6B drove lower expression in Awh null embryos
(Figure 4E) than secE6B drove in a wild-type background (Fig-
ure 1L), suggesting that secE6B contains intact Awh site(s). To
test whether Awh regulates the activity of E6B from all three spe-
cies, we assayed expression of all three E6B orthologs in Awh
null embryos (Figures 5A-50). Loss of Awh function dramatically
reduced expression driven by melE6B and simE6B (Figures 5D,
5E, 51, and 5J) and completely eliminated expression driven by
secE6B (Figures 5N and 50). These results suggest that melE6B
and simE6B contain Awh binding sites and that some of these
sites are conserved in D. sechellia.

The residual expression driven by melE6B and simE6B in
Awh null embryos (Figures 5D and 5I) suggests that these
enhancers respond to additional inputs. Indeed, we identified
two conserved Pannier (Pnr) binding sites (Figure S5A) that are
required for the proper function of simE6B. Site-directed muta-
genesis of these Pnr binding sites reduced simE6B expression
(Figures S5B-S5E), suggesting that Pnr, which is enriched in
svb-expressing cells (Figure 3C), is another activator of simE6B.
The perfect conservation of these two Pnr sites across all
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Figure 4. D. melanogaster Site 3 Encodes an Awh Binding Site that Was Lost in D. sechellia

(A) Site 3 contains two predicted binding sites for Arrowhead (Awh), highlighted with cyan ovals, that are lost in the D. sechellia sequence. Arrows mark the
directions of the two predicted sites.

(B) Awh mRNA expression in a stage 14 embryo (adopted from Berkeley Drosophila Genome Project).

(C) EMSASs with increasing amounts of Awh-HD protein show that Awh bound specifically to the D. melanogaster site 3 (mel_site3), but not to the D. sechellia site 3
(sec_site3).

(D and E) Expression of the mel_site3-simE6B::LacZ reporter construct in wild-type (WT) (D) and Awh mutant (E) embryos. Awh is required for the normal
expression of mel_site3-simE6B.

(F-H) Cuticle images showing the quaternary trichomes in the dorsal and lateral domains of wild-type (F), Awh heterozygous (G), and Awh null (H) first-instar larvae
of D. melanogaster. Dashed line indicates the border between the dorsal and lateral domains.

(1) Number of trichomes in dorsal (top) and lateral (bottom) regions of the fifth abdominal segments of first-instar larvae of the indicated genotypes. Circles indicate
counts for each individual. Horizontal and vertical lines indicate the mean +1 SD.

See also Figure S4 and Table S1.

Drosophila species we examined (Figure S6A) suggests that this
activator input is conserved in all of these species, including
D. sechellia.

Motif search analysis predicted that the melE6B sequence
encodes 15 Awh binding sites (Figures 5P and S6A). To test
whether Awh actually binds to these predicted sites, and to
search for additional Awh binding sites, we systematically
screened the entire E6B sequence with EMSAs (Figures 5P
and S6). In addition to site 3 (included in E6B7), we identified
four regions—E6B2, E6B6, E6B8, and E6B10—that bound
Awh with varying affinities (Figures 5P, 5Q, and S6B). We sys-
tematically dissected and mutated the predicted Awh sites
in these melE6B subfragments (Figures S6C-S6F) and found
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that Awh binds to 9 of the 15 predicted sites (Figures 5P and
5Q). Most of the bound Awh sites had a similar architecture,
with two overlapping sites, one on each DNA strand in opposite
orientations (Figure S6A).

Two of the Awh binding sites in E6B were lost specifically in
D. sechellia as a result of a single base-pair substitution (Fig-
ure S6A). This D. sechellia-specific nucleotide substitution corre-
sponds to evolved site 4 (Figure 1H), and evolution of this site in
D. sechellia caused a weak decrease in E6 function (Frankel
etal., 2011). Comparison with sequences from outgroup species
(Figure S6A) indicates that two Awh binding sites were gained in
D. melanogaster (in fragment E6B8). The five remaining Awh
binding sites—one in E6B1 (see fragment E6B1.2, Figures S6C
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Figure 5. Awh Regulates the E6B Enhancer through Multiple Awh Binding Sites that Confer Robustness

(A-O) Wild-type (A, F, and K), Awh null heterozygote (B, C, G, H, L, and M), and Awh null homozygote (D, E, I, J, N, and O) embryos carrying E6B::LacZ reporter
constructs from D. melanogaster (melE6B), D. simulans (simE6B), and D. sechellia (secE6B), juxtaposed with plots of average expression in the region outlined in
(A) (n = 10 for each genotype). In all plots, the black and red lines denote expression driven by the reporter constructs in wild-type and mutant embryos,
respectively. Shaded areas indicate +1 SD. AU, arbitrary units of fluorescence intensity. The D. melanogaster and D. simulans sequences are robust to the
reduced dose of Awh in Awh heterozygotes (B, C, G, and H), while the D. sechellia sequence is sensitive to such reduction (L and M). All three E6B enhancers lose
expression in Awh null embryos (D, E, |, J, N, and O).

(P) A schematic representation of the binding sites for Awh, indicated in cyan, in melE6B, simE6B, and secE6B identified by systematic EMSAs using oligos from
the regions represented on the bottom. The open ellipses on the melE6B schematics represent predicted sites that did not bind Awh in EMSAs (see Figure S6).
Site 3 is shown upstream of E6B. The melE6B region contains nine additional binding sites for Awh. Two of these sites were gained specifically in D. melanogaster
(see Figure S6). In addition to the loss of two Awh sites in site 3, D. sechellia lost two binding sites for Awh in site 4 (marked with red X).

(Q) Awh binds to multiple sites in melE6B, clustered in five regions (melE6B1, melE6B2, melE6B6, melE6B8, and melE6B10), as demonstrated with EMSAs. Awh
binding was greatly reduced in the D. sechellia EEB1 fragment, due to the mutations in site 3. The residual binding results from a conserved Awh site in E6B7 (see
Figure S6). Awh did not bind to the D. sechellia orthologous fragments of E6B2 and E6B8 (secE6B2 and secE6B8), but bound to conserved sites on secE6B10.
(R and S) Disruption of six Awh sites within simE6B (simE6B -Awh sites) caused almost complete elimination of reporter expression (R) compared with wild-type

(F). Region indicate by dashed box in (R) is quantified in (S).
See also Figures S5 and S6; Table S2.

and S6D), one in E6B6, and three in E6B10—are conserved in
D. sechellia (Figure 5P).

We next tested the effect of this sequence divergence and
conservation on the binding of Awh to the D. sechellia fragments
(Figure 5Q). As predicted, Awh did not bind to the secE6B2 and
secE6BS8 fragments, and binding to secE6B1.2 (Figure S6D) and
secE6B10 was conserved (Figure 5Q). Taken together, these re-
sults indicate that the E6 enhancer encodes multiple binding
sites for the transcriptional activator Awh and that some of these
sites are conserved and four were lost in D. sechellia.

To test whether E6B activity requires the identified Awh sites
in vivo, we mutated six of the identified Awh sites in simE6B.
Disruption of these sites almost completely abolished the
expression driven from this reporter construct (Figures 5R and
58), consistent with the reduced expression of simE6B observed
in Awh null embryos (Figures 51 and 5J). Taken together, these

results demonstrate that Awh directly regulates the expression
of svb by binding to multiple sites within the E6 enhancer and
that evolutionary loss of Awh binding at sites 3 and 4 in the
D. sechellia lineage contributed to reduced embryonic function
of the secE6 enhancer.

Loss of Awh Sites in secE6B Reduced Its Robustness to
Genetic Variability

Homotypic clusters of transcription factor binding sites have
been documented in many developmental enhancers (Crocker
et al., 2015; Driever et al., 1989; Giorgetti et al., 2010; Nachman
et al., 2015; Rowan et al., 2010; Struhl et al., 1989; Uhl et al.,
2016; Williams et al., 2008) and, at least in some contexts, can
provide regulatory robustness (Crocker et al., 2015; Uhl et al.,
2016). Since secE6B lost two binding sites for Awh compared
with simE6B (Figure 5P), we asked whether secE6B is less robust
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to genetic variability than melE6B and simE6B. To test this
hypothesis we assayed expression driven by these enhancers
in embryos heterozygous for an Awh null allele. While melE6B
and simE6B drove normal levels of expression in Awh heterozy-
gotes (Figures 5B, 5C, 5G, and 5H), the secE6B enhancer drove
dramatically lower levels of expression in Awh null heterozygotes
compared with wild-type embryos (Figures 5L and 5M). These
results are in agreement with our findings that the number of
trichomes produced by Awh heterozygous larvae are similar to
the number produced by wild-type D. melanogaster larvae (Fig-
ure 4l) and indicate that secE6B is less robust to variable genetic
backgrounds than are melE6B and simE6B. The loss of
four Awh binding sites may have reduced the robustness
of the D. sechellia E6B enhancer to genetic variability, but
these changes were not sufficient to completely abolish E6B
expression.

Abrupt Is a Repressor that Binds and Regulates

D. sechellia Site 2

We next sought to identify the transcriptional repressor that
binds to D. sechellia site 2. Since this site did not match the
known binding sites for any Drosophila transcription factor, we
searched for the repressor with an RNAi-based screen. We
used fly lines carrying UAS::RNAJ constructs generated by col-
leagues (Dietzl et al., 2007; Ni et al., 2011) and drove RNAI in
post-gastrulation epidermal cells with a Kni::Gal4 construct
(Figure S7A; Jenett et al., 2012). Using these lines, we systemat-
ically targeted all the transcription factors and co-repressors ex-
pressed at greater than an estimated half transcript per melE10
cell (Figures 3C and Table S2). We then assayed embryos for
derepression of the sec_site2-simE6B reporter expression. Of
the 347 lines screened (Figure 6A and Table S3), we observed
derepression in only three lines (Figures 6B, 6C, and S7), all of
which target the mRNA for the BTB-zinc finger protein Ab. Ab
protein is expressed uniformly in the embryonic epidermis start-
ing from stage 11 through stage 15 (Figures 6D and 6E; Hu et al.,
1995). Consistent with our observation that sec_site2 does not
mediate repression in the amnioserosa (Figure S2), Ab was not
detected in the amnioserosa.

To test whether Ab represses secE6 by binding to sec_site2,
we assayed sec_site2-simE6B expression in ab null embryos.
The expression driven by sec_site2-simE6B was significantly
increased in embryos homozygous for an ab null allele (Figures
6F-6l), suggesting that Ab mediates the repression of secE6,
probably through binding to sec_site2.

We next tested whether the DNA binding domain of the Ab
protein can bind specifically to the sec_site2 sequence. The
repressor binding site, GCAATTGC, does not resemble the
consensus Ab sequence that was defined previously in a bacte-
rial one-hybrid study (Zhu et al., 2011). Nevertheless, we found
that the sec_site2 sequence, but not its orthologous sequence
from D. melanogaster, bound the Ab zinc finger domain in vitro
(Figure 6J). This binding was specific, and could be competed
with an unlabeled sec_site2 oligonucleotide, but not with an un-
labeled mel_site2 oligonucleotide (Figures 6J [lane 11] and S7G).
In addition, a single base pair mutation in the DNA binding
domain of Ab, which disrupts its activity in vivo (ab®“?, R575C;
Hu et al., 1995), abolished binding to sec_site2 (Figure 6J, lanes
12-15).
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To verify that Ab binds specifically to the repressor binding site
within the sec_site2 oligonucleotide, we reverted each of the
D. sechellia-specific mutations to the D. melanogaster state in
an unlabeled sec_site2 oligonucleotide and used these mutated
oligonucleotides in competition assays (Figures S7F and S7G).
Mutating either the A or T in the center of the repressor binding
site to G or C, respectively, reduced the ability of these probes
to compete the Ab binding to sec_site2 (Figure S7G). These re-
sults are consistent with the in vivo experiments (Figure S2)
and indicate that Ab binds specifically to the eight base pairs
encoding a repressor binding site in sec_site2, resulting in
repression of the secE6 enhancer region. Furthermore, our re-
sults demonstrate that Ab has a novel DNA binding property
that does not match the published Ab motif data (Zhu et al.,
2011). Other studies have also demonstrated that transcription
factors can function in vivo through non-canonical binding sites
(Crocker et al., 2015; Farley et al., 2015).

Taken together, our results indicate that the Ab transcription
factor acts as a potent repressor that binds directly to
the evolved sec_site2 through a non-canonical binding site.
The results for both sites 2 and 3 are consistent with the previ-
ously published findings that mutating these sites from the
D. sechellia sequence to the D. melanogaster sequence in the
context of the D. sechellia E6 enhancer results in gain of tri-
chomes and vice versa (Frankel et al., 2011).

DISCUSSION

We have deciphered most of the regulatory changes in the
svb E6 enhancer that contributed to morphological evolution
between D. sechellia and closely related species (Figure 7).
The transcription factor Awh binds at multiple sites in the
D. melanogaster E6 enhancer and Pnr binds at two sites to
promote gene expression in quaternary cells. Four of the Awh
binding sites were lost in the evolutionary lineage leading to
D. sechellia through single base pair mutations and a single
base pair deletion, resulting in a partial loss of E6 function. The
D. sechellia E6 enhancer also acquired a non-canonical binding
site for the Ab repressor protein through two single base pair
substitutions, which causes complete suppression of E6 activity.
These data provide a detailed understanding of how one
enhancer has evolved altered function and provide insight into
fundamental unanswered questions about enhancer evolution.

Individual transcriptional enhancers are often robust (Payne
and Wagner, 2015) and encode pleiotropic expression patterns
(Cheng et al., 2014; Hiller et al., 2012; Jackman and Stock,
2006; Uhl et al., 2016). These two broad patterns raise two
currently unresolved issues about enhancer evolution. First, is
it not clear how individual nucleotide changes can overcome
enhancer robustness. Second, it is not clear how nucleotide
changes can generate specific changes in pleiotropic en-
hancers. We address these two issues in turn.

We have previously demonstrated that svb expression is buff-
ered against genetic and environmental variation at two levels.
First, the embryonic expression of svb is regulated by the activity
of seven enhancers that drive overlapping patterns of expression
(Frankel et al., 2010, 2011; McGregor et al., 2007). Expression
from multiple partially redundant enhancers is required to confer
phenotypic robustness under stressful conditions (Frankel et al.,
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Figure 6. The D. sechellia E6 Region Acquired a Binding Site for the Transcriptional Repressor Abrupt

(A) Table summarizes the results of an RNAi screen for the repressor that binds to D. sechellia E6 site 2. The screen resulted in three hits, all targeting the
transcription factor abrupt (ab).

(B and C) Expression of sec_site2-simE6B::LacZ, as determined by B-gal staining in control (B) and a representative ab RNAi line (C).

(D and E) Ab expression in stage 11 (D) and stage 14 (E) embryos.

(F-1) Expression of the sec_site2-simE6B::LacZ reporter construct in wild-type (F) and ab mutant (G) embryos, and plots (H and I) of average expression in the
region outlined in (F) (n = 10 for each genotype). Black and magenta lines denote expression driven by simE6B and sec_site2-simE6B, respectively. Shaded areas
indicate +1 SD. AU, arbitrary units of fluorescence intensity. In ab background, sec_site2-simE6B activity is derepressed.

(J) EMSASs with increasing amounts of the Ab zinc finger domain and mel_site2 or sec_site2 oligonucleotides. Ab bound specifically to the sec_site2 probe. In the
competition lane, a 10-fold excess of unlabeled sec_site2 probe was used (lane 11) and the intensity of the shifted band was reduced. An Ab mutant, carrying a
single amino acid change in the zinc finger domain, did not bind to sec_site2 (lanes 12-15).

See also Figure S7 and Table S3.

2010). Second, the ventral svb enhancers E3N and 7H contain  (Crocker et al., 2015; He et al., 2012; Lifanov et al., 2003; Nach-
homotypic clusters of Hox binding sites that provide an addi- man et al., 2015; Ochoa-Espinosa et al., 2005; Uhl et al., 2016).
tional layer of regulatory robustness (Crocker et al., 2015). Simi-  Loss of single activator binding sites rarely has much effect on
larly, we have found that the dorsal svb enhancer E6 encodes enhancer function. Evolution entirely through loss of activator
multiple Awh binding sites that are required for robust expres-  binding sites requires changes at many sites or deletions that
sion. Given all these layers of robustness, it is not clear how a remove many sites. The gain of a small number of repressor
few nucleotide changes can lead to dramatic changes in gene  binding sites may in such cases provide an evolutionarily shorter
expression. Our finding that the activity of multiple Awh binding  route to reduction in gene expression than loss of multiple acti-
sites can be overcome by gain of a single repressor binding site  vator binding sites. This would provide an evolutionary advan-
suggests that gain of repressor binding sites is a key mechanism  tage to evolving by gain of repressor binding sites.
to overcome enhancer robustness. Evolution by gain of repressor binding sites may also be
Clusters of binding sites for transcriptional activators have favored for enhancers with pleiotropic roles. Some enhancers
been documented in many other developmental enhancers are active in multiple tissues or at multiple stages during
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development (Glassford et al., 2015). Conservation of activator
binding sites might be required for the redeployment of these
enhancers in different places or at different times in develop-
ment. Conversely, gain of a binding site for a spatially and/or
temporally limited repressor may provide a mechanism for
reducing enhancer activity in a subset of these spatiotemporal
domains. For example, in Dipterans, some wing-patterning
genes, such as knot and splat, are expressed in wing discs
and repressed specifically in the halteres by Ultrabithorax
(Ubx) through multiple Ubx binding sites (Galant et al., 2002;
Hersh and Carroll, 2005). It has been proposed that these
Ubx binding sites were gained in the lineage leading to Dip-
terans and promoted transformation of hindwings to halteres
(Prud’homme et al., 2007), although there is not yet direct evi-
dence for this transition. Interestingly, we observed that the E6
enhancers from both D. melanogaster and D. sechellia drive
expression in multiple larval tissues (E.P.B.N., unpublished
data). It is possible that Ab is not expressed in these tissues,
which would make the presence of the Ab binding site in the
D. sechellia E6 enhancer irrelevant to these later functions,
much as it is irrelevant to enhancer expression in the amnioser-
osa (Figure S2). The potential requirement for E6 function dur-
ing late developmental stages might also explain why this
enhancer evolved through multiple mutations with specific ef-
fects and not through a large deletion, as has been observed
in other cases of enhancer evolution (Chan et al., 2010; Indjeian
et al,, 2016; Jeong et al., 2008; MclLean et al., 2011). For
example, human-specific deletion of a hindlimb enhancer for
the Gdf6é gene may have contributed to the evolution of the hu-
man foot (Indjeian et al., 2016). In addition, enhancer deletions
have repeatedly contributed to morphological evolution in
recently evolved freshwater populations of three-spined stickle-
backs (Chan et al., 2010). It is possible that such enhancers
have fewer pleiotropic roles than enhancers that evolve by sub-
tle nucleotide changes (Frankel et al., 2011; O’Brown et al.,
2015; Rebeiz et al., 2009). In addition, human and freshwater
stickleback populations have probably experienced stronger
selection and smaller population sizes than most Drosophila
species, both of which can contribute to evolution through mu-
tations that would be less likely to be favored in large, stable
populations (Stern, 2011).

10 Developmental Cell 39, 1-13, December 5, 2016

Figure 7. A Model Summarizing Transcrip-
tion Factor Occupancy at the Evolved svb
E6 Enhancer

D. melanogaster E6 encodes multiple binding sites
for the transcriptional activators Awh and Pnr that
direct svb expression in quaternary cells, resulting
in trichome formation. Four of the Awh binding
sites were lost in the evolutionary lineage leading to
D. sechellia, resulting in a partial loss of E6 func-
tion. The acquisition of a binding site for the strong
repressor Abrupt caused complete suppression
of E6 activity, contributing to the transformation
of trichomes to naked cuticle in D. sechellia. Se-
quences of evolved sites are shown.

It is not clear how often gain of repres-
sion has contributed to enhancer evolu-
tion because there are currently few other

studies with which to compare our results. Rebeiz et al. (2009)
observed that a reduction in ebony expression in Ugandan
D. melanogaster strains evolved in part by strengthening of an
orphan repressor binding site located outside of the minimal
abdominal enhancer of ebony. Similar to our results, this change
in repressor activity had the largest effect on enhancer function
of all mutations tested, although it is not known whether the other
changes encode loss of activation or gain of repression. While
gain of repression can reduce enhancer activity, evolutionary
loss of repression can increase expression. For example, John-
son et al. (2015) showed that evolutionary loss of the activity of a
large silencer element caused increased expression of ebony,
although the specific binding site alterations have not yet been
identified. On a genome-wide scale, Prescott et al. (2015)
observed that during human evolution enhancer functions were
sometimes gained apparently by loss of putative repressor sites,
although these observations have not yet been supported
by functional experimental data. Much future work remains—
requiring the more complete elucidation of the architecture of
evolving enhancers—to determine whether gain of repression
is a common mode by which evolution breaks robust regulatory
linkages.

EXPERIMENTAL PROCEDURES

Transgenic Constructs and Fly Strains

DNA fragments were synthesized by Genscript and cloned into the reporter
constructs placZattB and pS3AG (Table S4). Plasmids were integrated into
the attP2 landing site by Rainbow Transgenic Flies. For RNAi experiments,
the reporter constructs were integrated into attP40. Additional strains used
were Oregon®, w;P{y[+t7.7] w[+mC]=GMR43B11-GAL4}attP2 (Jenett et al.,
2012), Awh'®, Awh" (Curtiss and Heilig, 1995), ab’™® (Hu et al., 1995), Df(2L)
Exel6028, and Df(3L)Exel6098 (Parks et al., 2004).

Embryo Staining and Image Analysis

Stage 15 embryos were collected, fixed, and stained using standard protocols
with mouse anti-B-galactosidase (8-gal; 1:500, Promega), chicken anti-GFP
(1:500, Aves Labs) or rabbit anti-Ab (1:200, Hu et al., 1995), and anti-mouse,
anti-chicken, or anti-rabbit Alexa Fluor (1:500, Invitrogen) antibodies. Embryos
carrying reporter constructs were imaged on a Leica SPE confocal micro-
scope. Image analysis and fluorescence intensity quantification procedures
were described previously (Crocker et al., 2015). In brief, sum projections of
confocal stacks were assembled, images were scaled, background was sub-
tracted using a 50-pixel rolling-ball radius, and plot profiles of fluorescence
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intensity in abdominal segments A2-A4 or A2-A5 were analyzed using Imaged
software (http://rsb.info.nih.gov/ij). Data from the plot profiles were analyzed
further in MATLAB (http://www.mathworks.com). For representative embryo
images, staining is shown in inverted mode. Some images have been rotated
and adjacent embryos cropped out, with the background filled in.

RNAi Screen

Males from each UAS::RNAI carrying line (Dietzl et al., 2007; Ni et al., 2011;
Table S3) were crossed with virgin females of stock w;sec_site2-
simE6B;GMR43B11-GAL4 and placed in 24-chamber Fly Condos (Flystuff).
Eggs were collected for 16 hr at 28°C, dechorionated, and fixed in fixative
(2% formaldehyde, 0.2% glutaraldehyde in PBS) and heptane by vigorous
shaking for 20 min. The fixed embryos were washed three times with PBS
and B-gal staining was performed using the B-gal staining kit (Life Technolo-
gies). Embryos were screened for expression of simE6B in abdominal
segments under a Leica M80 stereo microscope.

Cell Sorting and RNA Isolation

Approximately 50 mL of young wild-type flies or flies carrying the
melE10::EGFP transgene were reared in large population cages at 25°C.
Following 1 hr of egg collection, embryos were left to age for approximately
11 hr at 25°C. Cells from early stage 14 embryos were dissociated using the
method described by Salmand et al. (2011) and EGFP-positive cells were
sorted on a Becton-Dickinson FACSVantage SE w/Diva flow cytometer as
described in Supplemental Experimental Procedures. The collected cells
were centrifuged at 850 x g for 10 min at 4°C and resuspended in 350 pL of
RLT buffer (Qiagen), and RNA was purified using a Qiagen RNeasy Plus Micro
kit according to the manufacturer’s instructions.

cDNA Amplification, Library Construction, and Data Analysis

Five nanograms of total RNA was used for cDNA synthesis and amplification
using the Ovation RNA-Seq System V2 (NuGen). To quantify the RNA-seq re-
sults, we added ERCC RNA Spike-In Control Mix 2 (1 pL of 1:10,000 dilution,
Ambion) to the samples prior to amplification. One microgram of each ampli-
fied sample was used for library construction using the Encore NGS Library
System | (NuGen). RNA-seq data were analyzed using the Tuxedo protocol
(Trapnell et al., 2012) as described in Supplemental Experimental Procedures.

Electromobility Shift Assays
Protein purification and EMSAs were performed as described by Uhl et al.
(2010). See Supplemental Experimental Procedures for a detailed protocol.
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