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Abstract

Establishment of spatial coordinates during Drosophila embryogenesis relies on differential regulatory
activity of axis patterning enhancers. Concentration gradients of activator and repressor transcription
factors (TFs) provide positional information to each enhancer, which in turn promotes transcription of a
target gene in a specific spatial pattern. However, the interplay between an enhancer regulatory activity

and its accessibility as determined by local chromatin organization is not well understood.

We profiled chromatin accessibility with ATAC-seq in narrow, genetically tagged domains along the
antero-posterior axis in the Drosophila blastoderm. We demonstrate that one quarter of the accessible
genome displays significant regional variation in its ATAC-seq signal immediately after zygotic genome
activation. Axis patterning enhancers are enriched among the most variable intervals and their
accessibility changes correlate with their regulatory activity. In an embryonic domain where an enhancer
receives a net activating TF input and promotes transcription, it displays elevated accessibility in
comparison to a domain where it receives a net repressive input. We propose that differential accessibility
is a signature of patterning cis-regulatory elements in the Drosophila blastoderm, and discuss potential

mechanisms by which accessibility of enhancers may be modulated by activator and repressor TFs.
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Introduction

Embryonic development is controlled by gene regulatory networks (GRNs) that define and refine
positional information along the embryonic axes, specify cell fates and ultimately direct cell differentiation
(Levine and Davidson 2005). GRNs consist of tightly controlled gene interactions that unfold in space and
time. Many nodes in these GRNs are represented by cis-regulatory elements (CREs) that integrate
transcription factor (TF) inputs and consequently tune the level of transcription initiation of their target

genes.

Drosophila embryogenesis provides two canonical examples of such patterning GRNs, which
specify spatial coordinates along the antero-posterior (AP) and dorso-ventral (DV) axes (Nasiadka et al.
2002; Moussian and Roth 2005). The networks define the position together with identity of future body
segments and germ layers as early as the onset of zygotic genome activation (cellularizing blastoderm,
stage 5). A small set of maternally deposited TFs regulates the increasingly complex and spatially
restricted patterns of the downstream tiers of zygotic regulators, which together in a combinatorial

fashion lay down the positional blueprint of the embryo.

Establishment of these robust and precise expression patterns during Drosophila embryogenesis
is mediated by axis patterning enhancers. Each element is targeted by multiple activators and repressors.
Their varying concentrations along the body axes provide specific positional information that is converted
in each cell into a distinct transcriptional output. As a result, a target gene is expressed only in the precise

embryonic domain where its enhancer receives a net activating input.

Multiple efforts have focused on deciphering how the sequence of axis patterning enhancers
determines interpretation of their regulatory input (Levine 2010). Molecular dissection of endogenous
and synthetic CREs (Driever et al. 1989; Fakhouri et al. 2010) defined the contribution of activator and
repressor TF binding sites (TFBS): their identity, affinity as well as organization in the sequence. In
support of this notion, activity patterns of the enhancers have been predicted solely as a function of their

sequence and spatial distribution of the input TFs (Segal et al. 2008; He et al. 2010).

Beside the sequence properties of CREs, mounting evidence points to the chromatin context as
another determinant of transcriptional regulation. It is unclear, though, how the regulatory activity of axis
patterning enhancers relates to their chromatin organization. On one hand, the enhancers are

characterized by nucleosome depletion and highly accessible chromatin structure (Thomas et al. 2011).
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This is consistent with nucleosome destabilization and remodeling being a prerequisite for the exposure
of TFBS to their input activators and repressors (Guertin and Lis 2013). On the other hand, there is
evidence directly implicating nucleosomes in mediating interactions between input TFs. Ectopic
overexpression of a single repressor was demonstrated to increase nucleosome occupancy of its target
enhancer (Li and Arnosti 2011). Additionally, Teif and Rippe (2011) showed that the relationship between
the efficiency of a repressor and its distance to the nearest activator binding site (Fakhouri et al. 2010)
can be modelled based on the dynamics of the intervening nucleosome. Finally, activator and repressor
TFs can potentially modify chromatin environment of target enhancers through their co-regulators, which
recruit histone acetyltransferases and deacetylases, respectively (Mannervik 2014). Indeed, Koenecke et
al. (2017) demonstrated that active and inactive enhancers of the DV network display different histone

marks on their flanking nucleosomes, although a direct causal link is lacking.

How can we then reconcile the potential role of nucleosome positioning and histone
modifications with the prevalent effect of the composition and arrangement of TFBS that emerges from
the multitude of genetic studies and modelling efforts? In light of the studies discussed above, we envision

two scenarios that relate the chromatin context to the activity of axis patterning enhancers.

In a sequence-centric view of enhancer function, we can hypothesize that axis patterning
enhancers are highly and equally accessible to different combinations of TFs throughout the embryo. This
would allow activators and repressors to probe all TFBS with the same probability, in agreement with
assumptions of the published computational models (Segal etal. 2008; He etal. 2010). In this scenario, the
enhancers are expected to display highly open chromatin structure at all positions along the body axes.
Alternatively, we envision that a single enhancer may be characterized by multiple different chromatin
states, reflecting its differential regulatory activity in different regions of the embryo. The chromatin
context of enhancers may potentially be modulated by differential occupancy of input TFs, possibly
through their interactions with nucleosomes or histone-modifying properties of their co-regulators. The
second hypothesis requires an active interplay between TFs and chromatin, while the first one assumes

chromatin structure to be essentially invariant along the patterning axes.

To distinguish between these two hypotheses, it is necessary to examine whether the chromatin
state of axis patterning enhancers varies spatially in the Drosophila blastoderm. Yet, the majority of
available genome-wide profiles of nucleosome occupancy (The modENCODE Consortium et al. 2010; Li et

al. 2014) and chromatin accessibility (Thomas et al. 2011) have been acquired from whole embryos. As a
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result, the potential differences along body axes are convoluted into a single whole-embryo average. Two
studies have addressed this spatial heterogeneity by assaying mutant embryos with reduced or uniform
positional identities: Li and Arnosti (2011) profiled nucleosome occupancy of two selected loci and
Koenecke et al. (2017) acquired genome-wide profiles of two specific histone marks. While the studies
provide valuable insights into the chromatin context of axis patterning enhancers, they do not allow to

distinguish between the two proposed models.

In an alternative approach, Cusanovich et al. (2018) assayed chromatin accessibility in single cells
of dissociated Drosophila embryos. Yet, the current methodology did not allow for reconstruction of exact
positional coordinates of the assayed nuclei, unlike the study by Haines and Eisen (2018) who profiled
chromatin accessibility directly in cryo-sliced anterior and posterior halves of the blastoderm. While
Cusanovich et al. demonstrated extensive spatial and temporal variation of chromatin organization
throughout embryogenesis, Haines and Eisen concluded that a vast majority of the accessible genome was
invariant with only a small number of enhancers displaying regional differences in their chromatin

organization.

In this study, we assay chromatin organization of axis patterning enhancers by probing their
accessibility with ATAC-seq (Buenrostro etal. 2013) in seven precisely-defined domains along the AP axis
in the Drosophila blastoderm. By applying genetic tagging and affinity purification, we reproducibly isolate
embryonic nuclei with well-resolved spatial coordinates (Fig. 1). To limit temporal variation, we assay a
narrow time point of stage-5 cellularizing blastoderm, immediately after the onset of zygotic genome
activation. Since accessibility of linker DNA is jointly affected by the positioning and stability of
nucleosomes as well as their histone modifications (Bell et al. 2011), we use the chromatin accessibility

assay as a global metric for chromatin organization of the enhancers.
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Results

An experimental system to assay chromatin accessibility with spatial and temporal resolution

To evaluate variation in chromatin accessibility of axis patterning enhancers, we performed
ATAC-seq with high spatial resolution along the AP axis of Drosophila blastoderm embryos. We profiled
chromatin from a range of AP domains, whose positions were specifically and precisely defined by
enhancer activity of selected gap and pair-rule genes. We drove expression of a nuclear tag (nuclear-
envelope marker UNC84-3xFLAG; modified from Henry et al. 2012) under control of these well-
characterized enhancers in a series of transgenic strains (Fig. 1A). Tagged nuclei were subsequently
isolated from the whole-embryo homogenate by anti-FLAG antibody pull-down, followed by Tn5
transposase digestion of the native chromatin (Buenrostro et al. 2013). Our strategy was an adaptation of
the previously described method, INTACT (Deal and Henikoff 2011; Henry et al. 2012). Alongside, we
performed transposase digestion on the entire pool of nuclei from staged embryos, without prior affinity

purification (referred to as whole-embryo controls, Fig. 1A).

We assayed seven domains (D1-D7, Fig. 1B) that differed both in size and position along the AP
axis: ranging from the entire anterior half of the embryo (domain D1) to stripes that were only 4-5 nuclei
wide (domains D3 and D6). By selecting enhancers of early zygotic genes, we ensured sufficient
expression levels of the nuclear marker in stage-5 embryos, soon after the onset of zygotic genome
activation. With UNC84-3xFLAG being embedded in the inner nuclear envelope (Henry et al. 2012), the
diffusion of the nuclear tag outside of its expression domain was limited, in spite of the embryo still

representing a syncytium at the beginning of stage 5.

Because chromatin accessibility evolves dynamically during development (Thomas et al. 2011;
Blythe and Wieschaus 2016), we targeted a narrow window of embryogenesis to ensure that differences
in the accessibility landscape, if any, would primarily stem from spatial rather than temporal variation.
We performed 20-min collections of stage-5 embryos (Supplemental Fig. S1 and S2), a stage immediately
after zygotic genome activation, when expression patterns of gap and pair-rule TFs are already
established, and the axis patterning enhancers receive the full spectrum of their regulatory input

(Surkova etal. 2008; Jaeger 2011).
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Regional differences in chromatin accessibility along the AP axis

We compared ATAC-seq signal at selected AP genes across all tagged domains (D1-D7) as well as the
whole-embryo controls (Fig. 2, Supplemental Fig. S3). While the position of accessible regions was
conserved between the domains, we observed considerable quantitative differences in the degree of their

accessibility.

We first sought to determine whether this variation represented biological differences in
chromatin organization, or technical variability of our multi-step protocol. The strong correlations
between duplicates of individual tagged domains, with Pearson’s coefficients reaching 0.98-0.99
(Supplemental Fig. S4), demonstrated high reproducibility of our experimental protocol, including
independent staging of embryos, affinity purification of tagged nuclei and transposase digestion. Whole-
embryo controls obtained from different transgenic strains were characterized by equally strong
correlations (Supplemental Fig. S4), confirming that expression of the nuclear tag in different regions of
the embryo did not affect the genome-wide distribution of ATAC-seq signal. The controls were also highly
comparable to the published chromatin accessibility profiles from whole stage-5 embryos (Thomas et al.
2011), both in terms of the identity of mapped accessible regions and correlation of their signal
intensities (Supplemental Fig, S5). Overall, we concluded that the quantitative differences in accessibility

signal were not caused by technical variability of the protocol or nuclear tagging per se.

We subsequently analyzed global differences between accessibility profiles of the tagged
domains and whole-embryo controls. We identified a set of 17 345 accessible genomic regions that were
reproducibly called as ATAC-seq peaks in all eight whole-embryo controls (referred to as high-confidence
peaks, Supplemental Table S4). We globally compared their signal intensities between all samples in a
principal component analysis (PCA). The PCA separated the tagged domains in agreement with their AP
position (Fig. 3A, Supplemental Fig. $6), and revealed two distinct clusters of anterior domains (D1-D3)
and posterior domains (D4-D7). The analysis also confirmed close similarity between whole-embryo

controls of different genotypes (different transgenic constructs).

A vast majority of high-confidence peaks from the whole-embryo controls displayed significant
signal enrichment, and were identified as ATAC-seq peaks, also in individual tagged domains

(Supplemental Fig. S7). This means that differences in accessibility profiles highlighted in the PCA were
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primarily of a quantitative nature and did not involve global changes in the genome-wide distribution of

accessible regions.

Taken together, our results reveal extensive regional variation of chromatin accessibility in
blastoderm embryos. While the genomic location of accessible intervals is overall conserved, the extent of
their accessibility differs quantitatively between the domains. Therefore, each position along the AP axis
is characterized by a distinct accessibility profile, with the whole-embryo controls representing an

average across multiple accessibility states.

One quarter of the accessible genome shows significant quantitative variation in its ATAC-seq

signal

To determine what proportion of the accessible genome accounts for the quantitative differences along
the AP axis, we applied the DESeq?2 tool (Love et al. 2014) to systematically identify ATAC-seq peaks that
displayed significant signal variation (Supplemental Table S6 and S7). We performed a series of pair-wise
comparisons between tagged domains and their corresponding whole-embryo controls as well as

between individual domains (Supplemental Fig. SBA).

Out of 17 345 high-confidence ATAC-seq peaks that were identified in whole-embryo controls,
4 282 showed significant accessibility changes along the AP axis (FDR < 1%), corresponding to 25.8% of
the accessible genome (Fig. 3B). As many as 2 925 of the differential peaks (17.7% of the accessible
genome) were supported by at least two independent pair-wise comparisons (Supplemental Fig. S8B).
Importantly, when we considered the accessible genome in a broader sense, i.e., a union of peaks from all
tagged domains and whole-embryo controls, the proportion of peaks showing differential accessibility
hardly changed (27.0%, Supplemental Fig. S9). This proportion is strikingly different from the 1.7% of
differential peaks reported by Haines and Eisen (2018) between the anterior and posterior embryo

halves, with obvious consequences on the resulting conclusions.

Importantly, the number of differential peaks identified in individual comparisons between the
domains was correlated with their distance along the AP axis (Fig. 3C). DESeq2 consistently identified a
larger number of differential peaks between domains that represented anterior and posterior halves of

the embryo (e.g. D1 vs. D4) as opposed to domains that showed substantial overlap (e.g. D1 and D2). This
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confirmed the high specificity of our approach and also demonstrated that the measured accessibility is

indeed a function of the domain’s position along the AP axis.

Differential accessibility is a signature of axis patterning enhancers

Open chromatin regions in the Drosophila blastoderm correspond to a range of functional genomic
elements, such as transcribed gene bodies, promoters, distal CREs, insulators and origins of replication
(Thomas etal. 2011). Our aim was to determine whether differential peaks represented any specific class

of these functional elements.

While more than one half of constitutive peaks corresponded to promoters and gene bodies, a
vast majority of differential peaks mapped to intergenic and intronic regions (Fig. 4A, Supplemental Fig.
S11A). This suggested that differential peaks might represent distal CREs, and we tested this idea by
evaluating co-localization of intronic and intergenic peaks with binding sites for different classes of
proteins. We used published chromatin immunoprecipitation (ChIP) data from whole blastoderm
embryos (Bradley et al. 2010; Li et al. 2008; MacArthur et al. 2009; Celniker et al. 2009), except for
definitions of origins of replication (ORI) that were acquired from three Drosophila cell lines (Eaton et al.
2011). In comparison to constitutive peaks, a significantly smaller proportion of differential peaks
represented ORIs or was bound by insulator proteins (Fig. 4B, Supplemental Fig. S11B). At the same time,
differential peaks were strongly enriched as targets of TFs that are involved in patterning of the
blastoderm embryo, both along the AP and DV axes. Interestingly, localization to intronic and intergenic
regions as well as enrichment in binding by patterning TFs was even more pronounced for differential
peaks that showed the largest magnitude of accessibility changes along the AP axis (top quarter in Fig.

4AB, according to definitions from Supplemental Fig. S10).

The fact that differential peaks displayed features of patterning CREs prompted us to test their
co-localization with known axis patterning enhancers. We first assessed the overlap of differential peaks
with an extensive collection of 2-kb genomic regions screened for their enhancer activity during the
entire span of Drosophila embryogenesis (Vienna Tiles, Kvon et al. 2014). Vienna Tiles that co-localized
with differential peaks were enriched in elements that showed enhancer activity at stage 4-6 of
embryogenesis and drove patterned expression primarily along the AP axis (Supplemental Fig. S12).

While 48% of Vienna Tiles active in stage 4-6 embryos mapped to differential peaks (Fig. 4C), this
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proportion increased to 77% when considering a closely curated and experimentally validated set of
CREs that are active specifically in the blastoderm embryo (REDfly database, Gallo et al. 2011). When we
selected a subset of 88 REDfly enhancers that drove patterned expression specifically along the AP axis
(referred to as AP enhancers, Supplemental Table S8), more than 90% overlapped differential peaks. In
all cases, the known enhancers co-localized with ATAC-seq peaks that showed considerably larger
magnitude of accessibility variation as compared to the total pool of differential peaks in blastoderm

embryos (Fig. 4D).

We conclude that among all functional elements that are accessible in the early embryo,
significant regional variation is observed primarily for those that regulate patterned gene expression. In
our assay, differential accessibility is displayed most strongly by axis patterning enhancers of the AP axis,
as this is the spatial dimension over which we capture variation in the enhancer’s accessibility most
clearly (Fig. 4BC, Supplemental Fig. S12B). Nevertheless, we also observe differential peaks that co-
localize with elements of the orthogonal DV network. Most likely this is due to partial modulation of their
activity patterns along the dissected AP axis (Supplemental Fig. 12C). High occupancy of DV TFs at
differential regions can be also attributed to the phenomenon of cross-regulation between the AP and DV
networks (Carroll et al. 1987; Zeitlinger et al. 2007). Overall, we propose that differential accessibility is a

general feature of axis patterning enhancers.

We note that differential accessibility can potentially be used as a metric for de novo discovery of
developmental enhancers in complex tissues, as suggested by Pearson et al. (2016). The fact that the
uncharacterized differential peaks show similar features as those that overlap known axis patterning
enhancers (combinatorial binding by multiple patterning TFs; Supplemental Fig. S13) further supports

the validity of this approach.

Elevated accessibility of enhancers coincides with domains of their transcriptional activity

Having demonstrated that axis patterning enhancers display significant accessibility variation along the
AP axis, we next sought to determine how their accessibility changes relate to their regulatory activity.
When examining individual CREs (Fig. 2, Fig. 5A), we observed that their ATAC-seq signal was elevated in
a tagged domain that coincided with their transcriptional activity, while it was consistently reduced in a

domain from which their expression pattern was excluded.
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To systematically evaluate the relationship between accessibility and enhancer activity, we
focused on the 88 AP enhancers that drive patterned expression specifically along the AP axis. For each
tagged domain, we binned the enhancers into two classes: those whose activity pattern was completely
included in the tagged domain (IN) and those whose activity pattern was completely excluded from the
tagged domain (OUT). We subsequently calculated fold-changes of their ATAC-seq signal between a given
tagged domain and the corresponding whole-embryo control. We observed significant differences in the
distribution of fold-changes between IN and OUT enhancers (Fig. 5B). In comparison to the whole-
embryo control, enhancers that promoted transcription inside the assayed domain (active enhancers)
showed a relative increase in their accessibility, while those that did not induce transcription (inactive
enhancers) were characterized by a relative decrease in their accessibility. The intermediate ATAC-seq
signal of the whole-embryo control was consistent with it representing an average across all accessibility
profiles in the blastoderm embryo. Overall, we demonstrate a strong relationship between the regional
accessibility variation of axis patterning enhancers and their differential regulatory activity along the AP

axis.

Accessibility of enhancers is quantitatively correlated with their transcriptional output

Although displaying consistently elevated accessibility in the domain of their activity, the AP enhancers
were characterized by a fairly broad distribution of their signal fold-changes relative to the whole-
embryo control (Fig. 5B). For instance, an individual run_{(+17) runt enhancer displays comparably low
accessibility in all domains from which its activity pattern is excluded (Fig. 6A). Yet, its ATAC-seq signal
differs considerably between the other two domains that encompass the runt stripe: it is distinctly
elevated in D5, while it resembles that of the whole-embryo control in D4. This poses a more specific

question on interpretation of the ATAC-seq signal measured in individual tagged domains.

In comparison to D4, higher accessibility of run (#17) in D5 appears to coincide with its
transcriptional activity in a larger portion of the domain. Similar to the whole-embryo control, each
tagged domain often represents a mix of nuclei in which a given axis patterning enhancer is either active
or inactive. As a result, the measured ATAC-seq signal likely corresponds to a weighted average of

accessibility profiles associated with either of the states. If this assumption is correct, we should observe
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a linear correlation between accessibility signal and the proportion of nuclei representing active and

inactive enhancers.

To test this model, we plotted ATAC-seq signal measured in each tagged domain against the
proportion of nuclei from that domain in which an individual AP enhancer was active (Fig. 6BD,
Supplemental Fig. S14). We calculated the proportion of active states by measuring the extent of overlap
between a tagged domain and the enhancer’s activity pattern, after simplifying their spatial coordinates
to a single dimension of the AP axis (Supplemental Table S2 and S9). We additionally corrected for the
elliptical shape of the embryo by incorporating information on the density of nuclei along the AP axis

(Supplemental Methods).

We observed a strong positive relationship between the ATAC-seq signal and the proportion of
nuclei representing an active state. Noticeably, as many as % of the AP enhancers were characterized by a
correlation coefficient above 0.65 (Fig. 6C). For the remaining quarter of elements, we could trace the
poor linear relationship to technical difficulties in accurately measuring their activity patterns, e.g., due to
additional modulation along the orthogonal DV axis or low quality of available in situ hybridization

images.

In summary, our simple model proved applicable for de-convoluting the ATAC-seq signal from
individual domains, potentially offering a general framework for interpreting genomic signal from
complex tissues. We confirmed in a quantitative and systematic fashion the correlation between local
accessibility of axis patterning enhancers and their regulatory activity. The strong linear relationship

further indicates that active and inactive enhancers display distinct accessibility profiles.

It is important to note that the considered axis patterning enhancers are targeted by TFs along
the entire AP axis, often simultaneously integrating inputs from activators and repressors. It is the
prevalence of either regulatory cue that determines their transcriptional activity and correlates with local
accessibility in our assay. Thus, our analysis reveals that enhancers display reduced accessibility in
regions of the embryo where they receive a net repressive input, while their elevated accessibility

coincides with the netactivating TF input.

Inactive enhancers exhibit residual accessibility

12
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With the proposed model, we were able to dissect two aspects of accessibility variation along the AP axis:
1) the relative contribution of active and inactive enhancer states in the tagged domains, and 2) the

enhancer-specific absolute levels of accessibility in either of the states.

Mean ATAC-seq signal in both the active and inactive states displayed a considerable spread
among individual AP enhancers (Fig. 6E). Consistent with our observations of selected elements (Fig. 2,
Supplemental Fig. S3), this suggested that different axis patterning enhancers did not share the same level
of accessibility. This was additionally confirmed by the broad range of the linear regression slopes (Fig.
6C), which represent the relative difference of the ATAC-seq signal between active and inactive states.
Importantly, the magnitude of change did not depend on the position of the enhancer’s target gene in the
AP regulatory network or distribution of its activity pattern along the embryonic axis (Supplemental Fig,
S15). This is in contrast with observation by Haines and Eisen (2018) who report more pronounced

accessibility modulations for the anterior elements.

Finally, to determine the scale of accessibility reduction in the inactive state, we tested whether
inactive AP enhancers exhibit closed chromatin organization, comparable to non-functional regions of the
genome. To this end, we identified a comprehensive set of genomic intervals that displayed background
sensitivity to transposase digestion, i.e, were not identified as ATAC-seq peaks in any of the samples
(Supplemental Methods). Comparison with the inaccessible background regions revealed significant

elevation of the ATAC-seq signal in the inactive enhancer states (Fig. 6E).

We conclude that accessibility of inactive enhancers, even though significantly reduced, does not
decrease to the level of background inaccessible regions. Instead, axis patterning enhancers are
characterized by an open chromatin structure in both their active and inactive states, although the

absolute level of accessibility is unique to each enhancer.

Well-positioned nucleosomes within axis patterning enhancers

While the previous sections examined the overall modulation of enhancer accessibility in different states
of activity, we also noted strong variation of the signal within individual elements (Fig. 5, Supplemental
Fig. S14). This is demonstrated by the coverage of ATAC-seq fragments that are shorter than 100 bp and
thus likely correspond to nucleosome-free intervals (Fig. 7B). Probability of two cleavages at such a close

distance within a nucleosomal core is very low due to the steric hindrance of Tn5 transposase

13
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(Buenrostro et al. 2013). When using the NucleoATAC tool (Schep et al. 2015) to predict nucleosome
occupancy based on longer transposase products (Fig. 7C), we observed its strong anticorrelation with

the coverage of shorter fragments, which was consistent across all AP enhancers (Fig. 7D).

Notably, localization of both nucleosome-free and nucleosomal fragments within the enhancers
was highly similar in different tagged domains (Fig. 7BC). In spite of enhancer-wide changes in
accessibility levels, the local distribution of the ATAC-seq signal showed strong correlation between
active and inactive enhancer states (Fig. 7D). Likewise, the relative frequency of transposase cleavages
along the enhancer was also highly conserved, regardless of differences in the composition of input TFs

and identity of occupied TFBS along the AP axis (Fig. 7AD).

In summary, conservation of the distribution of nucleosomal fragments along axis patterning
enhancers suggests invariant positioning of the nucleosomes in different tagged domains. As
demonstrated by high conservation of cleavage profiles, we conclude that the regional accessibility
modulation along the AP axis does not result from differential occupancy of individual TF binding sites.
Instead, our assay reveals larger-scale changes in the accessibility of linker DNA between the well-

positioned nucleosomes.
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Discussion

Axis patterning enhancers display regional modulation of chromatin accessibility

We assayed accessibility of axis patterning enhancers in Drosophila blastoderm in order to determine
whether their chromatin organization is uniform throughout the embryo, and thus invariant to the
differential regulatory input, or whether it differs along the body axis, possibly implying an active
interplay with the regulatory machinery. Our study provides clear evidence in support of the latter model.
We demonstrate significant regional variation in chromatin accessibility that is strongly correlated with

regulatory activity of the enhancers.

Remarkably, our analysis revealed two superimposed properties of chromatin organization of
axis patterning enhancers. First, the enhancers are characterized by open chromatin structure along the
entire span of the assayed AP axis. This is consistent with the fact that they are targeted by patterning TF
throughout the entire embryo and that nucleosome depletion has been demonstrated in multiple
paradigms to be essential for recognition of DNA binding sites. In addition, we observe a fine, quantitative
regional modulation of the enhancers’ accessibility, which is correlated with its transcriptional output.
Accessibility of the enhancers is elevated in regions of the embryo where they receive a net activating TF
input and promote transcription of the target gene. Their accessibility is comparatively reduced when the
enhancers receive a net repressive input, but never decreases to background levels of the inaccessible
genome. Importantly, we report that this finer regional modulation of accessibility is specific to known
and putative axis patterning enhancers. We conclude that differential accessibility is a signature of

patterning cis-regulatory elements that receive differential regulatory input.

Independent mechanisms for establishment and modulation of enhancers’ accessibility

Our findings, together with other studies, suggest a model in which accessibility of axis patterning
enhancers is uniformly established across the entire Drosophila embryo prior to zygotic genome

activation, and subsequently modulated by the regional activity of gene regulatory networks.

Importantly, axis patterning enhancers display highly accessible chromatin structure and
reduced nucleosome occupancy already prior to zygotic genome activation (Li et al. 2014; Blythe and

Wieschaus 2016). This early opening of enhancers is mediated by a maternally deposited TF, Zelda, a
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pioneer TF that actively destabilizes nucleosomes or prevents their deposition after the initial rapid
rounds of genome replication (Liang et al. 2008; Li et al. 2014). ChIP peaks of key regulators of the AP and
DV patterning networks are most strongly enriched in a recognition motif of Zelda (Satija and Bradley
2012) and the protein has been shown to facilitate binding of these TFs to their target enhancers (Foo et
al. 2014; Sun et al. 2015; Mir et al. 2017). In fact, Zelda binding sites have been proven necessary for the

activity of synthetic enhancers in blastoderm embryos (Crocker et al. 2017).

The pioneering activity of Zelda therefore facilitates the access of TFs to their binding sites on
axis patterning enhancers. Yet, the uniform distribution of this protein in the embryo falls short of
providing spatial cues that could modulate accessibility regionally. Instead, positional information in the
Drosophila embryo is encoded by concentration gradients of patterning TFs and, as a result, is processed

by the enhancers only during operation of the gene regulatory networks after zygotic genome activation.

On these bases, and in the light of our new results, we propose that the basal level of accessibility
of axis patterning enhancers is established already prior to zygotic genome activation (possibly by
ubiquitous Zelda or other related mechanisms), thereby uniformly priming them for the subsequent TF
input. The basal accessibility would allow enhancers to sample different concentrations and combinations
of patterning TFs with no bias towards activating and repressing TFs, consistent with the high plasticity
of the blastoderm embryo to ectopic regulatory input. In turn, differential TF occupancy would regionally
modulate the basal Zelda-dependent enhancer accessibility, to the variation we observed in our
experiments. Therefore, rather than predetermining the activity of axis patterning enhancers, we propose
that the reported regional modulations in chromatin accessibility result from differential activity of gene

regulatory networks after zygotic genome activation.

Active interplay between patterning TFs and local chromatin organization

Our results suggest an active interplay between regulatory machinery and the local chromatin context of
axis patterning enhancers. This supports and reinforces various lines of evidence from other studies that
imply a role of patterning TFs in modulating epigenetic marks and nucleosome stability of their target

CREs.

Our observed correlation between accessibility of enhancers and their transcriptional output is

highly consistent with a study by Koenecke et al. (2017) who demonstrated that active and inactive
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enhancers of the DV network display different histone marks. Active enhancers are characterized by high
levels of H3K27ac, and this is consistent with lysine acetylation being shown in other paradigms to
reduce nucleosome stability while increasing accessibility of its linker DNA (Lee et al. 1993; Li and Kono
2016; Mishra et al. 2016). Importantly, Li and Arnosti (2011) reported that overexpression of an
individual repressor, Knirps, results in reduction of H4 acetylation over its target enhancer, thereby
providing a link between TF occupancy and chromatin states. In fact, key TFs of the patterning networks
have been shown to recruit histone acetyltransferases and deacetylases via their co-activators and co-

repressors, respectively (Mannervik 2014).

Regardless of whether histone modifications are the only mechanisms by which TFs could
potentially modulate chromatin accessibility, the repressor Knirps has been demonstrated to increase
local nucleosome occupancy (Li and Arnosti 2011), while the activator Bicoid has been reported to
promote accessibility of its target enhancers (Hannon et al. 2017). While Haines and Eisen (2018)
propose that Bicoid, as a maternally deposited activator with a broad anterior concentration gradient,
plays a major role in modulating accessibility of enhancers, we speculate that this process is not exclusive
to individual regulators. The correlation between regional accessibility and regulatory activity it strong
for all considered axis patterning enhancers, regardless of their position along the assayed AP axis and, in

consequence, the composition of input TFs.

In light of the aforementioned studies, we propose that activators and repressors of both AP and
DV patterning networks share a common mechanism of action, with activators promoting and repressors
reducing the accessibility of their target enhancers. As a result, we envision a dynamic interplay between

these two opposing effects, with the final chromatin state being determined by the net regulatory input.

This then raises a question on the functional role of these local accessibility modulations of axis
patterning enhancers. Hannon et al. (2017) proposed that Bicoid, by affecting accessibility of its
enhancers in a concentration-dependent manner, provides information on their position along the
embryonic axis. In line with this model, we hypothesize that the opposing effects on the enhancer’s
accessibility could serve as a mechanism for integrating positional information encoded in varying
concentration of multiple different activators and repressors. Furthermore, stabilization of nucleosomes
and resulting obstruction of activator binding sites has been proposed as a mechanism of action by

repressors (Teif and Rippe 2011). We can envision, therefore, that local reduction of enhancer’s
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accessibility by repressors could serve as a mechanism for local quenching of activator TF and exclusion

of their regulatory impact on the target promoter.
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Methods

Generation of transgenic strains

UNCB84-3xFLAG nuclear marker was generated by C-terminal fusion of unc-84 coding sequence (amplified
from pMUH_unc84_tdTFlag, a gift from Sean Eddy, Addgene plasmid #46024, Henry et al. 2012) to a 25-
aa peptide linker (HL4 from Arai et al. 2001) followed by a 3xFLAG tag (Sigma). Expression of the nuclear
tag was driven by selected enhancers of Drosophila gap and pair-rule genes (amplified from genomic
DNA, genomic coordinates as in Segal et al. 2008) that were separated by a 69-bp linker from the basal
promoter: either Hs43 (Thummel and Pirrotta 1992) for enhancers of gap genes or DSCP for enhancers of
pair-rule genes (Pfeiffer et al. 2008). A complete list of all sequences and PCR primers is provided in

Supplemental Methods.

All elements were assembled into expression constructs in the pBDP backbone (a gift from
Gerald Rubin, Addgene plasmid #17566, Pfeiffer et al. 2008), using Golden Gate Assembly (Engler et al.
2008). Additional Bsal recognition sites were introduced into the MCS of pBDP. Internal Bsal sites were
removed by synonymous substitutions in coding sequences of unc-84 (G1989A and T2088C) and ampR
gene (T720C). Transgenic flies were generated by insertion of the expression construct into the attP2
landing site (Groth et al. 2004). A complete list of expression constructs and transgenic lines are provided

in Supplemental Table S1 and S3.

Collection and staging of embryos

Transgenic strains were expanded into population cages. After pre-clearing, embryos were collected on
yeasted grape juice plates for 20 min and aged for additional 150 min (25°C incubator), followed by
harvesting and dechorionation (50% bleach, 2 min) for 20 min (25°C temperature-controlled room). The
embryos were flash-frozen in liquid nitrogen exactly 190 min after the beginning of collections (2:50 -
3:10 h after egg laying). Around 100 pl of embryos were collected per transgenic strain and stored at -

80°C until nuclei isolation.

Each final collection was fixed with formaldehyde and examined under the differential

interference contrast (DIC) microscope to confirm that it represented stage 5 of embryogenesis.
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Generation of ATAC-seq libraries

Affinity purification of tagged nuclei was performed according to Henry et al. 2012 with minor
modifications, using monoclonal anti-FLAG M2 antibody (Sigma-Aldrich: F1804). ATAC-seq libraries were
generated according to the standard protocol (Buenrostro et al. 2015) and sequenced on Illumina HiSeq
1500. Replicate experiments were performed with two different transgenic lines, each representing an
independent integration event of the same construct in the attP2 landing site. See Supplemental Methods

for the detailed protocols.

Data analysis

ATAC-seq reads were aligned to the reference genome (UCSC: dm3) using Bowtie 2 (Langmead and
Salzberg 2012). ATAC-seq peaks were called with MACS2 (Zhang et al. 2008). High confidence ATAC-seq
peaks represent intersection of peaks from eight whole-embryo controls (Supplemental Table S4). Union
of peaks comprises a comprehensive set of peaks from tagged domains and the whole-embryo control
(Supplemental Table S5). Differential analysis of ATAC-seq peaks was performed with DESeq2 package
(Love et al. 2014) both on high-confidence peaks (Supplemental Table S6) and union of peaks

(Supplemental Table S7). See Supplemental Methods for details of all data analysis steps.
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Data access

All raw and processed sequencing data generated in this study have been submitted to the NCBI Gene

Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE118240.
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Figure 1. Domain-restricted ATAC-seq profiling along antero-posterior axis in the blastoderm embryo.
(A) Selected AP domains are targeted by expressing a nuclear tag, UNC84-3xFLAG, under control of well-
characterized enhancers of gap and pair-rule genes. All reporter constructs are integrated at the same
genomic site (attP2, Pfeiffer et al. 2008) to standardize genetic background. After homogenization of
staged embryos (cellularizing blastoderm, stage 5, 2:50-3:10 h after egg laying), tagged nuclei are affinity-
purified with anti-FLAG antibodies, followed by Tn5 transposase fragmentation and ATAC-seq library
preparation. Alongside, an ATAC-seq library representing an entire pool of nuclei from homogenized
embryos (whole-embryo) serves as a control. (B) Overview of the tagged domains (D1-D7). Selected
embryos immunolabelled with an anti-FLAG antibody show spatially restricted expression domains of the
nuclear tag. Each domain is additionally schematized (green bars) to indicate its position along the AP

axis. Embryos are positioned with anterior to the left and dorsal side up.

Figure 2. Regional differences in chromatin accessibility. Accessibility profiles of individual tagged
domains and a whole-embryo control at the locus of giant (gt), a gene of the AP patterning network of the
gap class. Tracks show normalized coverage of 1-100 bp ATAC-seq fragments, smoothed over a sliding
window of 15 bp. AP positions of the profiled domains are indicated schematically on the left (green
shading). Blue bars and underlying shaded regions indicate coordinates of known giant enhancers
(REDfly names and references provided in Supplemental Table S8). Spatial activity of each enhancer in
blastoderm embryos is illustrated above (RNA in situ hybridization of a reporter gene, reprinted from
Schroeder et al. 2004). Note that gt (-2)_broad was used as a driver of UNC84-3xFLAG in D7, and the
additional copy in attP2 partially contributes to its elevated ATAC-seq signal (as discussed in
Supplemental Methods). Genomic coordinates and gene models: Flybase Release 5.57 (Gramates et al.

2017).

Figure 3. Genome-wide differences in chromatin accessibility profiles along the AP axis. (A) Principal
component analysis (PCA) of genome-wide accessibility variation across individual tagged domains (solid
circle) and whole-embryo controls (crossed square). Duplicates are represented as separate data points
and color-coded by genotype (D1: red; D2: orange; D3: purple; D4: dark blue; D5: light blue; D6: dark
green; D7: light green). PCA is based on accessibility signal (total count of Tn5 transposase cuts) over 17
345 high-confidence ATAC-seq peaks. One replicate of the D6 domain shows high similarity to whole-

embryo controls, indicative of potential sample contamination with untagged nuclei. (B) Pie chart shows
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proportion of the accessible genome (combined size of high-confidence ATAC-seq peaks) represented by
constitutive peaks that show no significant variation in their accessibility signal along the AP axis (grey),
and differential peaks that are supported by a single pair-wise comparison (light blue) and multiple pair-
wise comparisons (dark blue) in the DESeq2 analysis. (C) Example scatter plots show fold-change of
ATAC-seq signal between selected domains against the mean normalized signal intensity. Grey:
distribution of constitutive peaks, blue points: individual differential peaks (false discovery rate, FDR <
1%). The number of ATAC-seq peaks showing significant increase (up arrow) and decrease (down arrow)

of their signal is indicated in the upper right corner of each plot.

Figure 4. Differential ATAC-seq peaks display strong features of axis patterning enhancers.
(A) Proportional distribution of genomic annotations among different classes of accessible regions: all
high-confidence ATAC-seq peaks (all peaks), constitutive peaks, differential peaks, top quarter of
differential peaks (highest values of maximum log, fold-change reported in DESeq2, Supplemental Fig.
$10). UTR: 5" and 3’ untranslated regions. CDS: coding sequence. (B) Bar plot shows the proportion of
different classes of ATAC-seq peaks that map to intronic and intergenic regions (numbers of intervals in
the legend) and co-localize with ChIP signal of different classes of proteins. ORI complex: ChIP-seq peaks
of ORC2 (origin recognition complex subunit 2, Eaton et al. 2011). Insulator proteins: ChIP-chip peaks of
BEAF-32, CP190, CTCF and Su(Hw) (Celniker et al. 2009). DV TFs: ChIP-chip peaks of 4 maternal and
zygotic DV TFs: Dorsal, Mothers against dpp, Snail and Twist (MacArthur et al. 2009). AP TFs (broad set):
ChIP-chip peaks of 14 maternal, gap and pair-rule AP TFs: Bicoid, Caudal, Giant, Hunchback, Knirps,
Kruppel, Huckebein, Tailless, Dichaete, Fushi-tarazu, Hairy, Paired, Runt and Sloppy-paired 1 (Li et al.
2008; MacArthur et al. 2009). AP TFs (narrow set): ChIP-seq peaks of 6 maternal and gap AP TFs: Bicoid,
Caudal, Giant, Hunchback, Knirps, Kruppel (Bradley et al. 2010). Asterisks indicate significant differences
between constitutive and differential peaks (p < 0.0001, Fisher’s exact test). (C) Bar plot shows the
proportion of annotated CREs that overlap differential peaks. Total number of CREs from each category is
indicated above the bars: Vienna Tiles (Kvon et al. 2014) active at stage 4-6, REDfly CREs (Gallo et al.
2011) active in blastoderm embryos and AP enhancers driving patterned expression specifically along
the AP axis (Supplemental Table S8). (D) Box plots show distributions of maximum log; fold-change of
accessibility signal reported for all differential peaks (blue) and differential peaks overlapping the three

categories of annotated CREs (green).
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Figure 5. Elevated accessibility of AP enhancers in tagged domains coincides with their activity.
(A) Coverage of 1-100 bp ATAC-seq fragments (mean over two replicates) of four selected AP enhancers.
Comparison between a whole-embryo control (control: grey), a tagged domain that encompasses the
enhancer’s activity pattern (IN: blue) and a tagged domain from which the enhancer’s activity is excluded
(OUT: green). Activity pattern along the AP axis is indicated schematically in dark blue, with color-coded
outlines representing positions of respective domains. RNA in situ hybridization images of a reporter
gene: gt (-10) and nub_(+2) (reprinted from Schroeder et al. 2004), Dfd_(-13) (reprinted from Fisher etal.
2012) and Antp_(-16) (reprinted from Kazemian et al. 2010). (B) Violin plots show distribution of log;
fold-changes of ATAC-seq signal (total count of Tn5 transposase cuts, mean over two replicates) between
a given tagged domain and its corresponding whole-embryo control, over two classes of AP enhancers: IN
(blue) and OUT (green). Asterisks indicate significant differences between IN and OUT enhancers
(Student’s t-test): p-value <0.05 (*), p-value <0.0001 (***). Numbers of enhancers in each class are
indicated below individual plots. Domains D3 and D6 are not presented; due to their limited size, none of

the AP enhancers had its activity pattern fully included in the domains.

Figure 6. Accessibility of AP enhancers is highly correlated with their transcriptional output.
(A) Coverage of 1-100 bp ATAC-seq fragments over an enhancer of runt, run_{(+17), measured in D1-D7
domains and a whole-embryo control (mean over replicates). Domains are color-coded as in the
schematic that shows their positions along the AP axis and in respect to the activity pattern of the
enhancer (dark blue). (B) ATAC-seq signal (mean number of Tn5 transposase cuts per bp) plotted against
the proportion of an embryonic domain in which the enhancer is active (active nuclei). Each point
represents an individual replicate of D1-D7 samples and whole-embryo controls (pooled replicates from
multiple strains), color-coded as in Fig. 6A. D6 replicate 1 is excluded due to its close similarity to whole-
embryo controls (Fig. 3A). (C) Box plot represents distribution of correlation coefficients and linear
regression slopes across 88 AP enhancers. (D) Scatter plots of example enhancers, each representing a
different quarter of correlation coefficients (all enhancers in Supplemental Fig. S14). (E) Box plots show
ATAC-seq signal distribution (mean number of Tn5 transposase cuts per bp) of active AP enhancers
(signal from tagged domains with 100% active nuclei; active state), inactive AP enhancers (signal from
tagged domain with 0% active nuclei; inactive state) and 9 309 background regions of the genome (mean

signal across all tagged domains; background regions).
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Figure 7. Local accessibility modulation within axis patterning enhancers. (A) Normalized frequency of
Tn5 transposase cleavages, (B) normalized coverage of 1-100 bp nucleosome-free ATAC-seq fragments,
and (C) predicted nucleosome occupancy along Ubx (-10) enhancer in D7 domain (blue; 100% active
nuclei) and D1 domain (green, 0% active nuclei). Inset in a grey frame represents magnification of the
shaded region. Nucleosome occupancy was predicted with NucleoATAC (Schep et al. 2015). r = Pearson’s
correlation coefficient of the compared profiles. (D) Box plots show distribution of correlation coefficients
across all AP enhancers. Distribution of transposase cuts, coverage of 1-100 bp ATAC-seq fragments and
predicted nucleosome occupancy was compared between tagged domains with 100% active and 0%
active nuclei. Coverage of 1-100 bp fragments was compared with the predicted nucleosome occupancy

in tagged domains representing active enhancer states.
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