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High conservation of transcription factor binding
and evidence for combinatorial regulation across six

Drosophila species

Qiye He!*, Anais F Bardet>*, Brianne Patton!, Jennifer Purvis!, Jeff Johnston!, Ariel Paulson’,

Madelaine Gogol!, Alexander Stark? & Julia Zeitlinger!>?

The binding of some transcription factors has been shown to diverge substantially between closely related species. Here we show
that the binding of the developmental transcription factor Twist is highly conserved across six Drosophila species, revealing strong
functional constraints at its enhancers. Conserved binding correlates with sequence motifs for Twist and its partners, permitting
the de novo discovery of their combinatorial binding. It also includes over 10,000 low-occupancy sites near the detection limit,
which tend to mark enhancers of later developmental stages. These results suggest that developmental enhancers can be highly
evolutionarily constrained, presumably because of their complex combinatorial nature.

Conservation of functional genomic elements during evolution by
selection against fitness-impairing mutations is a fundamental con-
cept in biology. However, the conservation of cis-regulatory elements
that drive developmental gene expression has remained puzzling. On
one hand, transcription factor binding patterns can differ substan-
tially between closely related species?, suggesting high turnover of
cis-regulatory elements and regulatory rewiring®. On the other hand,
regulatory relationships that specify certain cell types and organs can
be maintained over large evolutionary distances*. Furthermore, cis-
regulatory elements that control development are often complex,
making it unlikely that they frequently arise de novo from nonfunc-
tional sequence by random mutations. In this study, we investigated
the binding pattern of a developmental transcription factor during
embryogenesis across six Drosophila species and found that it is highly
conserved. This not only indicates that developmental gene regulation
can be highly constrained during evolution but also provides a unique
opportunity to analyze where such constraints occur at the level of
gene structure and cis-regulatory sequence composition.

We systematically compared the binding landscapes of the basic
helix-loop-helix transcription factor Twist during mesoderm forma-
tion across six Drosophila species. The evolutionary distances between
these species, as measured by substitutions per neutral site, are com-
parable to the distances between human and primates, human and
mouse, and human and chicken (Drosophila melanogaster, Drosophila
simulans, Drosophila yakuba, Drosophila erecta, Drosophila ananassae
and Drosophila pseudoobscura)>®. Twist is not only a master regu-
lator for mesoderm development” that has been well characterized
by developmental genetics and genomics studies®~!12, but it is also

structurally and functionally conserved!>!* (Supplementary Fig. 1),
and polyclonal antibodies raised against D. melanogaster Twist!%1
cross react with Twist orthologs of the other Drosophila species and
reveal conserved mesodermal expression (Supplementary Fig. 2).
Because transcription factor binding can differ between differ-
ent developmental stages!®!7, we used stage-matched embryos
that encompassed mesoderm formation (2-4 h after egg laying in
D. melanogaster) for each species (Supplementary Table 1) and per-
formed chromatin immunoprecipitation (ChiP) followed by deep
sequencing (ChIP-Seq) on two independent biological replicates per
species with an Illumina Genome Analyzer 2 using genomic input
(whole cell extract (WCE)) as a control (Fig. 1a, Supplementary
Table 2 and Supplementary Fig. 3). Because of the high quality of the
genomic sequence and annotation, we performed a D. melanogaster—
centric analysis by mapping the sequence reads to each species’ refer-
ence genome and translating them directly to the genome coordinates
of D. melanogaster for further analysis (Fig. 1a and Supplementary
Tables 3-6). Using a false discovery rate (FDR) of 0.1%, we obtained
3,488 peaks in D. melanogaster (Supplementary Table 7) which are
in good agreement with Twist binding sites from previous ChIP-chip
studies (Supplementary Fig. 4).

RESULTS

Twist binding is highly conserved across species

Our results show that the binding landscape of Twist is very similar
across all six Drosophila species. For example, the Twist binding peaks
at the known Twist-dependent enhancer of the tin locus are nearly
identical in each species (see Fig. 1b and Supplementary Fig. 5
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Figure 1 Evolutionary constraints on Twist a
binding across six Drosophila species.

(a) Overview of the comparative ChlP-Seq
pipeline. We directly translated the

genomic coordinates of matched reads to

D. melanogaster for peak calling and analysis
(see Supplementary Tables 3-6 for alternatives).
(b) Twist binding at the tin enhancer®? is

highly similar across six Drosophila species. b
(c) Conservation of D. melanogaster Twist (left)

and Snail (right) binding sites across Drosophila
species (red; two independent biological
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for an extended view). We will refer to binding that is shared across
species as binding conservation, independent of sequence conser-
vation. At the genome-wide level, we found that the majority of
the 3,488 binding peaks in D. melanogaster are conserved: more than
80% were bound in D. simulans and D. yakuba and more than 60%
were bound in the other species, including D. pseudoobscura, at an
evolutionary distance comparable to human with chicken® (Fig. 1c).
Peaks called in the other species showed a similar conservation in
D. melanogaster (inverse analysis; Supplementary Fig. 6), and clus-
tering of the binding data across species recapitulated the established
phylogenetic tree, suggesting that the ChIP-Seq data reflect evolu-
tionary events (Supplementary Fig. 7). As conservation estimates
are threshold dependent, we confirmed that they remain high with
different threshold values and using a threshold-independent com-
parison of the entire Twist binding landscape (Supplementary Tables
8,9, Supplementary Fig. 8 and see below). We also show that they are
in agreement with the range of conservation estimates derived from
the presence of Twist motifs across species>!® (Supplementary Fig. 9
and below). We also confirmed our conservation estimates between
D. melanogaster and D. simulans by performing ChIP-Seq experi-
ments for an additional factor, Snail, which binds to almost identical
genomic regions as Twist!! (Fig. 1c and Supplementary Fig. 10).
Furthermore, our findings are consistent with the high conserva-
tion reported for six developmental transcription factors between
D. melanogaster and D. yakuba'® (Supplementary Table 10). In sum-
mary, our results show high conservation rates for Twist, with at least
~50% conservation between D. melanogaster and D. pseudoobscura.

Finally, we assessed whether binding peaks are also evolutionarily
constrained at the quantitative level. For this, we identified peaks in
each species independently and compared the height of each peak
with that of the corresponding peak in D. melanogaster (similar to
a previous study'®; Supplementary Table 11 and Supplementary

Figs. 11,12). The number of peaks that changed at least fourfold
increased approximately linearly with the evolutionary distance to
D. melanogaster, with approximately 2.4% per 0.1 substitutions per
neutral site (coefficient of determination, R? = 0.86; Fig. 1d). This sug-
gests that binding divergence may follow a molecular clock, with ~6%
of binding sites changing in occupancy levels by more than fourfold
every ten million years?(. Peaks that are invariant (<twofold change)
strongly overlapped between all species comparisons (Fig. 1e). These
peaks are predominantly located near regulatory genes such as tran-
scription factors (P = 2 x 1073%), whereas variable peaks are not (P =
0.24) (Supplementary Table 12). This not only argues that binding
peaks are highly conserved but also that their level of occupancy is
evolutionarily constrained.

Functional binding sites are preferentially conserved
Thirty-four percent of all D. melanogaster binding peaks are shared
among all six species and thus form a core set of Twist developmental
enhancers in Drosophila. To assess the functional importance of these
deeply conserved binding events, we assigned the peaks to neighboring
genes, taking into account the genomic location of regulatory insula-
tors?!. Conserved peaks showed a clear enrichment near genes that are
downregulated in twist mutant embryos'’: for example, ~50% of all peaks
that are assigned to genes downregulated in twist mutant embryos!? are
deeply conserved, whereas peaks assigned to genes that do not change
in the mutant are conserved below average (Fig. 2a). Conservation of
binding is even higher near genes in Gene Ontology categories related to
the developmental role of Twist (up to 71%; Fig. 2b and Supplementary
Table 13) and at known Twist-regulated developmental enhancers (73%;
Supplementary Table 14), as well as for the highest binding peaks (70%;
Supplementary Fig. 13), which are thought to be functionally more
important??. These results show that important binding sites of Twist
are maintained over large evolutionary distances.
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Figure 2 High conservation of functional Twist binding across six
Drosophila species. (a) Preferential conservation of peaks near genes
that are downregulated at least twofold in twist mutant embryos (red)
compared to control genes that do not change (gray; data from a
previous study!9); the fraction of D. melanogaster peaks that are
conserved across all six species was significantly different, with
binomial P < 1073. (b) Preferential conservation of peaks near genes
in Gene Ontology categories associated with Twist function (red; (1)
dorsoventral axis specification, (2) gastrulation, (3) mesodermal cell
fate determination, (4) muscle fiber development) or Gene Ontology
categories not related to Twist function (gray; (5) carbohydrate metabolic
process, (6) amino acid metabolic process, (7) mMRNA metabolic
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process). The difference between all genes in the combined functional versus Twist-independent categories was significant, with a binomial
P < 10721, For an overview of all Gene Ontology categories, see Supplementary Table 13.

Enhancers have been reported to lie upstream or downstream of
genes, in introns or even overlapping with coding exons?32?4, and,
indeed, Twist binds to different genomic regions (Supplementary
Fig. 14). However, despite the high overall sequence conservation
of protein coding regions, Twist binding in coding exons is poorly
conserved (Fig. 3a). We also observed low levels of conservation
of binding in 3" untranslated regions (UTRs), wheras conservation
rates of peaks in promoters, 5 UTRs, intronic regions and intergenic
regions were uniformly high (Fig. 3a). The deep conservation of bind-
ing peaks is independent of the distance to the nearest transcription
start sites, even at distances of over 20 kb (Fig. 3b), suggesting evo-
lutionary selection of distant enhancers, which are commonly found
in flies and vertebrates?>24.

Clustered binding sites are preferentially conserved

Specific developmental expression patterns of genes are often regu-
lated by multiple enhancers, which can act redundantly?® or can each
be essential for fitness?0-28, Twist target genes frequently have mul-
tiple Twist binding peaks'®!!, and some of the enhancers at these
peaks can direct similar expression patterns!!2°. Whether regulation
by multiple enhancers is generally more likely to be redundant or
essential has remained unclear.

Clustered peaks that were assigned to the same gene are significantly
more often deeply conserved than isolated peaks that are uniquely
assigned to a gene (54% compared to 34%, P < 3 x 10~%). The preferen-
tial conservation of clustered peaks was also apparent when we classi-
fied peaks based on the distance to their closest neighbor, independent
of their gene assignments. The conservation rate was highest for peak-
to-peak distances less than 5 kb and decreased gradually with greater
distances (Fig. 3c). This suggests that clustered binding sites and
‘shadow enhancers’® (Supplementary Table 14 and Supplementary
Fig. 15) may be functionally important, perhaps because the enhancers’

activities are not fully redundant due to different input factors®’, or to
ensure robustness and precision of expression patterns?®?7.

Twist binding correlates with transcription factor motifs
Comprehensive comparative ChIP-Seq data provide a unique oppor-
tunity to study the sequence basis of conserved binding. We found
that Twist binding peaks that are shared across all species have similar
average sequence conservation compared to binding peaks that are
specific to D. melanogaster as assessed by phastCons scores or by the
number of fully conserved nucleotides (Fig. 4a). In contrast, 37%
of all Twist sequence motifs found in shared peaks, but only 9% in
D. melanogaster—specific peaks, are present in all species (P < 10717;
Fig. 4a). The correlation between peak and motif presence was similar
when motif movements were allowed (46% compared to 13%; P = 4 x
10721), held for pairwise comparisons between species and species-
specific losses of peaks (Supplementary Fig. 16) and allowed for
the de novo discovery of the Twist motif (Supplementary Table 15).
Overall, ~24% of Twist peaks had a binary (presence or absence) bind-
ing pattern across the six species that exactly matched that of the
Twist sequence motifs (eightfold more than expected if peaks and
motifs occurred independently, P < 2 x 107°%). For all divergent peaks,
we determined the types of mutations that caused the species-spe-
cific Twist motif loss and found that the majority of motif losses were
caused by point mutations, followed by deletions and insertions
(Fig. 4b and Supplementary Fig. 17). Finally, changes in the quality of the
Twist motif across species are also significantly correlated with quantitative
changes in Twist binding (Fig. 4c and Supplementary Fig. 18). In sum-
mary, the conservation of binding peaks correlates with the conservation of
motifs, rather than overall enhancer sequence, suggesting specific selection
against motif-disrupting point mutations and insertions or deletions.
However, a substantial fraction of Twist binding losses cannot be
attributed to the loss of the Twist motif. For example, 14% of the Twist

Figure 3 Preferential conservation of a Genomic region b Peak-TSS distance Cc Peak-peak distance
clustered binding peaks. (a) Conservation 60 - 60 - 60 -
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bin). Note that the 0-0.5-kb bin is not populated because of the width of the peaks.
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Figure 4 Twist binding depends on the
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peaks that were lost in at least one species nevertheless contained a
conserved Twist motif. We therefore explored whether Twist bind-
ing could be disrupted through the loss of the motif for a partner
transcription factor. We identified several motifs for transcription
factors other than Twist that are significantly more highly conserved
in conserved Twist peaks than in species-specific Twist peaks or the
average genome (Fig. 4d and Supplementary Table 16). These factors
include Snail (11.1-fold increased conservation) and Dorsal (5.7-fold
increased conservation), both of which are known to function together
with Twist!b1231, As shown in Figure 4e, a D. ananassae-specific
disruption of a Dorsal motif at the vn (vein) enhancer, a known Twist
enhancer in D. melanogaster®?, might explain the divergence of Twist
binding despite a conserved Twist motif. Indeed, genome-wide, Snail
and Dorsal motifs are able to explain 19% of the losses of Twist bind-
ing that occur despite a conserved Twist motif, and the top ten identi-
fied motifs explain 49% of the losses. Transcription factors for these
motifs® include factors involved in mesoderm development (tinman
and CF2II), segmentation (bicoid and caudal) or both (Kruppel and
fushi tarazu). Both muscle and segmentation transcription factors
frequently co-occupy Twist enhancers and may cooperate with Twist
in gene regulation'3%34 These results suggest that cross-species
ChIP-Seq analysis can be used to identify combinatorial relation-
ships between transcription factors, similar to ChIP-Seq analyses in
yeast and human haplotypes3>3°.

Twist has widespread access to inactive enhancers

Interestingly, we noticed that sites with low Twist occupancy also tend
to be conserved across species: the Twist binding landscape is very
similar overall across the entire genome (with Pearson correlation
coefficients above 0.45 between D. melanogaster and all five compara-
tive species) (Fig. 5a and Supplementary Table 2). This similarity
persists when we excluded the 3,488 identified peaks (corresponding

to 2.1% of the genome; Fig. 5a), indicating that the similarity in
binding extends to low-occupancy peaks near the detection limit.
To test this directly, we identified a large number of putative bind-
ing sites in the intergenic and intronic regions of D. melanogaster by
lowering the threshold for peak identification (P < 107>, FDR = 22%;
note that this will include many false positives). Many thousand
D. melanogaster peaks near the detection limit, but not their randomly
placed counterparts, had enrichments of ChIP over WCE in the other
species (Fig. 5b). Finally, these low-occupancy sites are enriched for Twist
motifs, which are specifically conserved above background (Fig. 5¢),
suggesting that many of these motifs have been selectively maintained
throughout evolution and are likely functionally important.

One possibility is that the function of low-occupancy peaks is to
increase the local concentration of the transcription factor near high-
occupancy binding peaks. Indeed, low-occupancy sites are more often
conserved if they occur near high-occupancy sites (Fig. 5d). For exam-
ple, the E(spl) (Enhancer of split) cluster on chromosome 3R has sev-
eral conserved low-occupancy peaks in the vicinity of high-occupancy
peaks, and they are shared between the species (Supplementary Fig. 19).
This finding is also consistent with the preferential conservation of
clustered enhancers.

Another possibility is that low-occupancy peaks correspond to
sites that are more strongly bound at different developmental stages.
ChIP-chip studies at different time points during embryonic meso-
derm and muscle development have shown that Twist and other tran-
scription factors change their binding sites over time!%3%37, Indeed,
low-occupancy peaks from our ChIP-Seq study at 2-4 h after egg
laying strongly overlap with regions determined to be bound by
Twist at later time points'®3° (Fig. 5e). In contrast, sites with high
Twist occupancy showed a decreasing overlap with sites bound at
later time points (Fig. 5e). These opposing trends argue that sites
with low occupancy are likely to be bound in different developmental
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later time points (top), whereas high-occupancy peaks showed the opposite trend. To account for different numbers of ChIP-chip peaks at
different time points, we calculated the enrichments against shifted peak locations (all P < 10-20),

contexts when different partner transcription factors are present or
when changes in chromatin allow increased access. This implies that
many low-occupancy binding sites observed in ChIP experiments
might constitute functional sites under different conditions rather
than promiscuous nonfunctional binding.

DISCUSSION

We find that the binding landscape of Twist is highly conserved
across six Drosophila species, with preferential conservation of
peaks near relevant Twist target genes. This is consistent with the
high binding conservation for six transcription factors between
D. melanogaster and D. yakuba'®. However, it stands in contrast
to recent reports in yeast?, in adult vertebrate liver’>>38, in human
and mouse embryonic stem cells*®, and during human and mouse
adipogenesis?’, in which the binding of transcription factors has
diverged substantially. Thus, there appears to be a wide range by
which transcription factor binding is conserved, presumably reflect-
ing different evolutionary dynamics.

On one hand, cis-regulatory changes and binding divergence may
be an important driving force for adaptive evolution (for example,
see ref. 41). Indeed, rapid evolutionary adaptation to different ecolo-
gical niches has been suggested to be the primary reason for the high
turnover of binding in yeast?. In flies and vertebrates, species-specific
binding might also alter gene expression and contribute to adaptation
and speciation. In vertebrates, for example, transposable elements
seem to substantially contribute to species-specific binding*4,

consistent with the hypothesis that transposons could effectively
contribute to regulatory changes during evolution*?

On the other hand, strong evolutionary constraints are expected
for deeply conserved developmental processes. For example, the
mesoderm formation studied here is thought to be shared between
all bilateria, with transcription factors such as Twist being ances-
trally involved in mesoderm development!31443, Furthermore, indi-
vidual Twist-dependent enhancers can be conserved from Drosophila
to insects as distant as Tribolium*!, presumably because complex
developmental enhancers with specific combinations of transcrip-
tion factor binding sites cannot easily evolve de novo. In contrast,
transcriptional regulation in differentiated cell types and organs
may work through enhancers with simpler inputs*® and may even be
maintained independent of enhancers by switching components of
the core transcription machinery“®. This might allow binding sites to
evolve more easily de novo and reduce the evolutionary constraints
on enhancers of differentiated tissues.

Some of the differences in conservation of binding between flies
and vertebrates might also be due to the smaller population size of
vertebrates, which could increase evolutionary drift. Furthermore,
vertebrates have much larger genomes, which may allow for more
nonfunctional or selectively neutral binding*’ as well as binding site
movements. Consistent with this hypothesis, comparative ChIP-
Seq studies in vertebrates reported an order of magnitude higher
in the numbers of binding sites**40 compared to Drosophila.
Notably, the absolute number of conserved sites appears to be
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roughly constant, perhaps indicating a similar number of core
regulatory connections that need to be maintained.

Taken together, our results suggest that the high conservation of
binding that we found for Twist will apply to complex developmental
enhancers in all metazoans, including vertebrates. Vertebrate develop-
mental enhancers are among the most highly conserved sequences?®,
and many vertebrate cis-regulatory motifs and their target genes can
be identified based on conservation*=>!. In addition, the liver tran-
scription factor binding sites that are deeply conserved are near genes
involved in liver organogenesis!, and binding sites in embryonic stem
cells and adipocytes are substantially more highly conserved near
functional targets®>40.

The high conservation of Twist binding also provides a unique
opportunity to globally identify functionally important features of
transcription factor binding and enhancer organization. Specifically,
we have shown that clustered peaks or ‘shadow enhancers’? tend
to be more conserved than isolated peaks, suggesting that gene
regulation by multiple enhancers may be essential for fitness rather
than being redundant. Furthermore, Twist binding correlates with
sequence motifs for Twist and partner transcription factors, which
suggests widespread cooperative binding and may explain why
developmental transcription factors can bind and regulate differ-
ent developmental programs!®17:3% This notion is consistent with
thousands of low-occupancy Twist sites that we identified and for
which we provided evidence that many are functional in different
developmental conditions. This suggests that transcription factors
such as Twist can access and bind to inactive enhancers at low
levels. Whether low-occupancy binding is because of the lack of
partner transcription factors at this condition, properties of chro-
matin or both remains to be shown. We predict that low-occupancy
binding and strong evolutionary conservation will be relevant to
developmental gene regulation in complex multicellular organisms
in general.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Accession code. The data from this study are deposited in
ArrayExpress under the accession code E-MTAB-376.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Stock maintenance and embryo collection. All six Drosophila species were
raised at 25 °C and 60% humidity. The collection window for the different
Drosophila species was 2-4 h after egg laying (AEL) except for D. simulans,
which was 1-3 h AEL, and for D. pseudoobscura, which was 3-5 h AEL. The
time windows were derived from literature® and empirical optimization to
obtain high signal-to-noise ratios in the ChIP-Seq experiments and to obtain
the majority of embryos within Bownes stage 5-8 (Supplementary Table 1).
For staging, formaldehyde-fixed embryos were rehydrated, stained with
DAPI and imaged using the MosaiX tool from Zeiss. Data from independ-
ent collections were pooled, analyzed and compared to the Bownes stages of
D. melanogaster.

Embryo immunostaings. Embryos from the six species were collected and
fixed according to published protocols®®. Embryos were incubated with Twist
antibodies!® (1:200 dilution) at 4 °C overnight. Incubation with the second-
ary antibody (AlexaFluor555-conjugated guinea pig antibody from Invitrogen
A-21435 at 1:500 dilution) was performed for ~3 h at room temperature (22 °C).
To visualize nuclei, embryos were stained with DAPI (1 pg/ml) for 15 min.
Embryos were mounted in 70% glycerol and observed with an LSM 5 Pascal
confocal microscope (Zeiss).

Chromatin immunoprecipitation (ChIP) and library preparation for
Solexa sequencing. ChIP was performed using modified protocols from
the Zeitlinger lab!! and the Furlong lab!’. Briefly, embryos were cross
linked in 1.8% formaldehyde, chromatin was sonicated to an average size of
~500 bp (whole cell extract (WCE)), and 300 pul WCE from ~120 mg embryos
was incubated with protein A-conjugated Dynabeads (Invitrogen 100-02D),
coated with antibodies against D. melanogaster Snail (Millipore MAB5494)
or Twist; the experiments in D. melanogaster were performed with antibodies
against full-length Twist (a generous gift from M. Levine!®), and antibodies
raised against the C terminus of Twist (a generous gift from E. Furlong!?)
were used for the other species because they yielded higher enrichment
ratios. For controls, 50 ul WCE was used. The level of Twist enrichment
was monitored by real-time PCR (StepOnePlus, Applied Biosystems) using
primers for brk and rho enhancers in D. melanogastet, for tup and Dscam in
the non-D. melanogaster species and primers for a non-genic region (NonG )
as negative control!l.

Preparations of DNA libraries for single-end sequencing were done accord-
ing to instructions from Illumina with 36 cycles of extension. Up to 20 ng ChIP
DNA, or 100 ng WCE DNA, was used in each preparation.

Reads processing. We mapped the reads to each genome reference (dm3
(not chrU, chrUextra), droSim1, droYak2, droEre2, droAna3 and dp4) from
UCSC® using Eland from the Illumina Solexa data processing pipeline
with default parameters. We translated all non D. melanogaster reads into
D. melanogaster coordinates using the liftOver program® (using default param-
eters, except minmatch = 0.7). We extended each read to the average length of
the genomic fragments for each experiment and calculated a normalized read
count and fold enrichment (ChIP versus WCE) for each genomic position.

Peak calling and conservation. We defined peak regions in each experi-
ment from the ChIP reads and the corresponding WCE reads using
MACS v1.3.2 (ref. 56) with the maximum possible mfold parameter. For
D. melanogaster, we focused on the 3,488 high-occupancy peaks with an FDR
below 0.1% and defined those with an FDR greater than 1% as low-occupancy
peaks. For each peak, we determined a summit as the position with the highest
read count and calculated its fold enrichment. We called a D. melanogaster
peak conserved if its region overlapped with the peak summit in another
experiment. We controlled for the background binding conservation by deter-
mining the conservation of D. melanogaster peaks against themselves offset

by 20 kb. Independently, we calculated the Pearson correlation coefficient
between the read counts of two experiments (excluding runs of zeros, which
would artificially increase the correlation).

Quantitative changes. We called peaks independently in each ChIP
experiment (MACS P = 10722, which corresponds to an FDR = 0.1% in
D. melanogaster) and combined overlapping peaks. We scored each peak in each
ChIP experiment by the highest read count in a 151-bp window around the
summit. We excluded peaks with a read count of zero in any experiment and
normalized the remaining 8,796 peaks using quantile normalization. We defined
peaks as invariant (‘no change’) if their heights changed less than twofold and
variable (decreasing or increasing) if their heights changed more then fourfold.

Functional analyses. We assigned each peak to its closest gene transcription
start site (FlyBase r5.11) but not across insulators?! (CTCF peaks and the inter-
section of CP190 and BEAF peaks). We calculated the conservation rate of
peaks assigned to genes in different genomic regions (FlyBase r5.11), functional
categories from Gene Ontology®’ (G0:0009950; GO:0007369; GO:0007500;
G0:0048747 (Twist-related) versus GO:0005975; GO:0006520; GO:0016071
(unrelated to Twist)) and from expression data in Twist mutants'? as Twist tar-
gets (twofold downregulated versus neutral (less than 0.00098-fold change)).

Motif and sequence analysis. We searched for motif occurrences of known
motifs® including the Twist motif CACATGT'® in an area 151 bp (average
genomic fragment length) around each peak summit. We used a Position
Weight Matrix cutoff of 4 x 1073, corresponding to one allowed mismatch for
the Twist motif such that 59% of peaks have at least one motif. As controls, we
used shuffled columns of PWMs as done previously®® and peak coordinates
shifted by 20 kb.

For each identified motif occurrence or peak region, we extracted the
orthologously aligned sequence for each of the five species from multiple
genome alignment® and evaluated the sequence conservation of motif occur-
rences and peak regions by perfect conservation, point mutations, deletions
(gap in D. melanogaster), insertions (gaps in the other species), deletions of
entire motifs and alignment gaps (absence of nucleotides in a * 20-bp win-
dow around the motif). All changes were summed across all five species and
normalized to the region length in D. melanogaster. When assessing whether a
motif fully explains the phylogenetic distribution of a peak, we considered only
the motif occurrence closest to the peak summit and required that the presence
or absence patterns of peak and motif across species matched exactly.

For the analysis of motif quality in quantitative changes in Twist binding, an
unbiased pairwise symmetrical comparison between species was performed. For
each peak, we searched for motif matches independently in both species, scored
each match and the aligned sequence by MAST and counted how often each
species’ sequence scored more highly for peaks that decreased or increased.

Overlap with peaks at later stages. We counted the overlap of high- and low-
occupancy peaks with ChIP-chip Twist binding regions identified during only
one time point (2-4 h, 4-6 h or 6-8 h; excluding peaks in CDS regions) from a
previous study>? and calculated the enrichment over controls shifted by 20 kb.
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