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Abstract

A conspicuous feature of early animal development is the lack of transcription from the
embryonic genome, and it typically takes several hours to several days (depending on the
species) until widespread transcription of the embryonic genome begins. Although this
transition is ubiquitous, relatively little is known about how the shift from a
transcriptionally quiescent to transcriptionally active genome is controlled. We describe
here the genome-wide distributions and temporal dynamics of nucleosomes and post-
translational histone modifications through the maternal-to-zygotic transition in embryos
of the pomace fly Drosophila melanogaster. At mitotic cycle 8, when few zygotic genes are
being transcribed, embryonic chromatin is in a relatively simple state: there are few
nucleosome free regions, undetectable levels of the histone methylation marks
characteristic of mature chromatin, and low levels of histone acetylation at a relatively
small number of loci. Histone acetylation increases by cycle 11, but it is not until cycle 13
that nucleosome free regions and domains of histone methylation become widespread.
Early histone acetylation is strongly associated with regions that we have previously
shown are bound in early embryos by the maternally deposited transcription factor Zelda.
Most of these Zelda-bound regions are destined to be enhancers or promoters active during
mitotic cycle 14, and our data demonstrate that they are biochemically distinct long before
they become active, raising the possibility that Zelda triggers a cascade of events, including
the accumulation of specific histone modifications, that plays a role in the subsequent
activation of these sequences. Many of these Zelda-associated active regions occur in larger
domains that we find strongly enriched for histone marks characteristic of Polycomb-
mediated repression, suggesting a dynamic balance between Zelda activation and
Polycomb repression. Collectively, these data paint a complex picture of a genome in
transition from a quiescent to an active state, and highlight the role of Zelda in mediating
this transition.
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Introduction

In most animals, the first phase of embryonic development depends solely on maternally
deposited proteins and RNAs and is often accompanied by very low or undetectable
transcription (Newport and Kirschner, 1982a, b; Tadros and Lipshitz, 2009). After several
hours to several days, depending on the species, zygotic transcription initiates, marking the
beginning of a process known as the maternal-to-zygotic transition (MZT) during which
maternally deposited RNAs are degraded and the zygotic genome assumes control of its
own mRNA production.

In Drosophila melanogaster, sustained zygotic transcription begins around mitotic cycle 7,
about an hour into development, although there is growing evidence that very low levels of
transcription occur even earlier (Ali-Murthy et al., 2013; ten Bosch et al., 2006). Zygotic
transcription gradually increases with each subsequent mitotic cycle, but it is not until the
end of mitotic cycle 13 that widespread zygotic transcription is observed (Lécuyer et al,,
2007; Lott et al,, 2011; McKnight and Miller, 1976; Pritchard and Schubiger, 1996). This
zygotic genome activation, along with the elongation of mitotic cycle, and cellularization of
the syncytial nuclei defines the mid-blastula transition (MBT). Approximately 3,000 genes
are transcribed in the cellular blastoderm (De Renzis et al., 2007; Lécuyer et al., 2007; Lott
et al., 2011). Of these, roughly 1,000 are expressed in spatially restricted patterns (Combs
and Eisen, 2013; Tomancak et al., 2007), a product of the binding and activity of around
fiftty spatially restricted transcription factors to several thousand known and putative
patterning enhancers (Li et al., 2008; MacArthur et al., 2009).

In the cellular blastoderm, active genomic regions are biochemically distinct from the rest
of the genome: they have relatively low nucleosome densities; are bound by transcription
factors, polymerases and other proteins that mediate their activity; and have characteristic
histone modifications (Li et al., 2011; Negre et al., 2011). This high level of activity and
relatively complex landscape of genome organization is remarkable given that an hour
earlier the genome was being continuously replicated and doing little else. Although the
Drosophila cellular blastoderm is among the most well-characterized animal tissues, the
transition from quiescent to active state that precedes the formation of this tissue remains
poorly understood, despite increasing evidence of its importance (Blythe et al., 2010;
Harrison et al., 2011; Lee et al,, 2013; Leichsenring et al., 2013; Liang et al., 2008; Liang et
al, 2012; Nien et al., 2011).

We have previously shown that a single seven base-pair sequence is found in the vast
majority of patterning enhancers active in the cellular blastoderm (Li et al., 2008), and that
the maternally deposited transcription factor Zelda (ZLD) (Liang et al., 2008), which binds
to this sequence, is present at these enhancers by mitotic cycle 8, in the early phase of the
MZT (Harrison et al., 2011). ZLD and its binding site are also found in the promoters of
most genes activated during the MZT (ten Bosch et al., 2006), suggesting that it may play a
broad role in early embryonic genome activation, analogous to pioneer transcription
factors that choreograph the reorganization of genome activity during differentiation
[reviewed in (Zaret and Carroll, 2011).
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Although ZLD mutants alter the expression of a large number of cellular blastoderm genes
(Liang et al., 2008), and affect transcription factor binding in the cellular blastoderm (Xu et
al., 2014), little is known about its molecular function or when its activity is required. To
gain further insights into ZLD’s mechanism and to place its action in the broader context of
the MZT, we have broadly characterized the chromatin landscape throughout the
Drosophila melanogaster MZT.
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Results

Quantitative mapping of nucleosome occupancy and histone modifications across the MZT

To define the chromatin landscape before, during and after the maternal-to-zygotic
transition, we collected D. melanogaster (Oregon-R) embryos from population cages at
25°C for 30 minutes, and aged them for 55, 85, 120 and 160 minutes to target mitotic cycles
8, 11, 13 and 14 respectively prior to fixing them with formaldehyde.

As D. melanogaster females often retain eggs post-fertilization, leading to unacceptable
levels of contaminating older embryos in embryo pools (Harrison et al, 2011), we
manually removed embryos of the incorrect stage by inspection under a light microscope
(Figure 1A), as previously described (Harrison et al., 2011). The purity of the resulting
embryo pools was confirmed by examining the density of nuclei in 4',6-diamidino-2-
phenylindole (DAPI) stained samples from each pool (Figures 1B and 1C).

We carried out chromatin immunoprecipitation and DNA sequencing (ChIP-seq) using
commercial antibodies against nine post-translation modifications (acetylation at H3K9,
H3K18, H3K27, H4K5 and H4K8, mono-methylation at H3K4, and tri-methylation at H3K4,
H3K27 and K3K36), as well as histone H3 (Table 1).

As we sought to compare not just the genomic distribution of marks but also their relative
levels across the MZT, we prepared chromatin from stage 5 D. pseudoobscura embryos
(mitotic cycle 14), and added a fixed amount to each D. melanogaster chromatin sample
prior to ChIP to serve as both a quality control and as a normalization standard. Since, for a
given antibody, we expect the D. pseudoobscura chromatin in each time point to be
identically immunoprecipitated (within experimental error), we could both evaluate the
success of the immunoprecipitation, and compute the relative abundance of each histone
modification over time.

Dramatic shift in chromatin during the maternal-to-zygotic transition

We used three measures of genome-wide recovery of each histone mark to examine their
dynamics: the total normalized number of D. melanogaster reads (Figure 2A), the number
of regions scored by MACS as enriched (Figure 2B) and the total ChIP signal in all enriched
regions (Figure 2C). These all gave qualitatively similar results except for H4K5ac, which
had anomalously few peaks at early stages despite being found at uniformly high levels
across the genome.

As expected, global levels of histone H3 were relatively stable, although we observed a
gradual increase of approximately 1.4 fold over time, possibly reflecting an overall increase
in compaction of chromatin in cycle 14 relative to cycle 8. The replication associated mark
H4K5ac (Sobel et al., 1994), found ubiquitously across the genome, declined rapidly from
cycle 8 onwards, consistent with the elongation of cell cycles over time and the decreasing
fraction of nuclei caught in S phase. The remaining marks all showed dramatic increases
over the MZT. H4K8ac, H3K18ac, and H3K27ac were enriched at hundreds of loci at cycle 8
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and steadily increased through cycle 14. The remaining marks, H3K9ac, H3K3mel,
H3K4me3, H3K36me3 and H3K27me3, were effectively absent at cycles 8 and 11, but
showed sharp increases at cycle 13. This distinction between these two groups of marks is
evident when examining levels of histone modification at individual loci (Figure 3).

Chromatin changes in transcribed regions are associated with gene activation

The transcription of several thousand genes is initiated during the period covered by our
analyses, and we were interested in the relationship between the timing of the onset of
transcription at individual loci and their chromatin dynamics. We used high-temporal
resolution expression data previously collected by our lab (Lott et al.,, 2011) to divide the
genome into six functional groups of genes - four temporal groups of zygotic genes
according to their onset times, as well as maternally deposited transcripts and genes with
no detectable transcription levels (Figure 4).

For genes in each of these different classes, we examined patterns of nucleosome
enrichment and histone modifications around the transcription start sites, and in the gene
body (Figure 5). Nucleosome free regions (NFRs; areas of relatively low histone H3
recovery) emerged around the transcription start sites of zygotically transcribed genes at
roughly the same time that their transcripts were evident in our transcription data (Figure
5). Several histone modifications also appeared along with transcription: H4K8ac, H3K18ac
and H3K27ac (Figure 5). In contrast, H3K9ac and the four histone methylation marks
examined here were absent at all six classes of genes until cycle 13, increasing substantially
in their density as widespread transcription begins during cycle 14.

Given the high-resolution of our transcription data (Lott et al., 2011) coupled with our
stage-specific identification of histone modifications, we can relate transcriptional activity
with the presence or absence of specific histone marks. Despite the generally assumed
correlation between transcriptional activation and the presence of H3K4me3 at promoters
and H3K36me3 in gene bodies, our data demonstrate that at early expressed genes
transcription proceeds in the absence of these marks (Figure 5). It is not until cycle 13 or
14 that H3K4me3 and H3K36m3, respectively, were found associated with actively
transcribed genes (Figure 5).

Surprisingly, we observed NFRs at the promoters of maternally deposited genes at all time
points (Figure 5), even though there is no evidence that genes in this set are transcribed
either from expression data or ChIP with RNA polymerase (Figure 4, Lott 2011, Chen,
2011). The transcription independent nucleosome depletion at the promoter is unique to
maternal genes and not seen for the silent gene group. Although maternal genes have NFRs
at early time points, the acetyl marks that are associated with the appearance of NFRs in
early zygotic genes only appeared at maternal genes at cycle 13, along with RNA
polymerase. Based on these observations, the NFRs associated with the promoters of the
maternal genes in early embryos may be due to the intrinsic properties of the DNA
sequences rather than transcription factor binding.
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In the cellular blastoderm, regions both upstream and downstream of the promoters of
zygotically expressed genes were enriched for the polycomb-associated mark H3K27me3
(Figure 5). In contrast, H3K27me3 was almost completely absent from maternal genes. The
existence of this modification associated with repressed transcription in a transcriptionally
active region has been dubbed the “balanced” state (Schwartz et al., 2010), even though it is
not clear to what extent such “apparent” coexistence is due to heterogeneity of the cell
population present in blastoderm embryos. The function of this “balanced” state is not
clear. Itis conceivable that in blastoderm embryos this may represent an intermediate step
toward full silencing of the genes. In addition, we have found that many genes in the “Later”
gene group are expressed only at low levels and are associated with paused RNA
polymerase. In these cases, the H3K27me3 may be important for RNA polymerase pausing
as suggested by a recent study (Chopra et al., 2011), which poise the gene for “full”
activation in later development stages.

Dynamic histone marks define blastoderm enhancers

Many of the genes transcribed by cycle 14 are expressed in clear spatial patterns (Combs
and Eisen, 2013; Lécuyer et al., 2007; Tomancak et al., 2007) driven by the action of distinct
transcriptional enhancers. Although several catalogs of blastoderm enhancers exist (Gallo
et al,, 2011), they are limited in scope. To generate a larger set of likely enhancers, we took
advantage of the strong correlation between the binding of transcription factors known to
regulate blastoderm expression and enhancer activity (Fisher et al., 2012; MacArthur et al,,
2009). For this, we calculated the cumulative in vivo binding landscape of 16 early
developmental transcription factors, including the anteroposterior regulators Bicoid,
Caudal, Hunchback, Giant, Kriippel, Knirps, Huckebein, Tailless, and Dichaete; and the
dorsoventral regulators Dorsal, Snail, Twist, Daughterless, Mothers against dpp, Medea,
and Schnurri (MacArthur et al., 2009). We then identified a set of 784 regions showing the
strongest overall binding, excluded peaks overlapping promoters and coding regions, and
obtained a stringent set of 588 intergenic and intronic putative enhancers.

During cycle 14, when these enhancers are clearly bound by multiple transcription factors
and are active, they showed a region of strong nucleosome depletion corresponding to the
binding sites for transcription factors. At this stage, the flanking nucleosomes were
enriched with characteristic enhancer marks H3K4mel and H3K27ac as well H3K18ac
(Figure 6). These putative enhancer regions frequently occurred within larger regions
containing high levels of the repressive mark H3K27me3, and were associated with low
levels of H3K4me3 and H3K36me3 (Figure 6).

These identified enhancers, which are destined to be strongly nucleosome depleted at cycle
14, generally had relatively high nucleosome densities at mitotic cycle 8 (Figure 6; top left).
At this early time point, flanking nucleosomes were weakly enriched for the three early
appearing histone acetyl marks, especially H3K18ac, with these marks becoming more
strongly enriched by cycle 11. The process of nucleosome depletion was initially evident at
cycle 11, but was much stronger at cycle 13, when these enhancers begin to be active. The
enhancer-associated mark H3K4me1l appeared on flanking nucleosomes by cycle 13, but
the repressive H3K27me3 did not appear in surrounding regions until cycle 14. This raises
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the possibility that early events, reflected by the appearance of these enhancer-associated
acetylation and methylation marks, play an important role in keeping these regions active
once broader domains of inactivity are established.

Early appearing chromatin features are associated with binding sites for the transcription
factor ZLD

As expected from the previous study (Harrison et al., 2011), the set of enhancer sequences
described above are strongly associated with early binding of the transcription factor ZLD
(Figure 6). This suggests that at least at the enhancers, ZLD binding is likely to play a major
role in directing the deposition of the histone acetylation marks in early embryos. To
investigate this further and to identify other factors that may play a major role in
determining overall histone acetylation patterns, not just the enhancers in early embryos,
we carried out kmer enrichment analysis and used the motif search tool MEME to identify
sequence motifs associated with different histone mark peaks identified at each stage. We
found that the motif most strongly correlated with the early appearing marks, H3K27ac,
H3K18ac, H4K8ac and H3K4mel, was ZLD’s CAGGTAG binding site (Figure 7A). A small
number of other motifs also show modest enrichment using these two methods, but they
failed to show substantial enrichment when the enrichment is plotted around the histone
mark peaks. These analyses thus suggested a close connection between ZLD binding and
early histone acetylation in general, which is further highlighted by the extremely high
degree of overlap between early ZLD-bound peaks and early (cycles 8 or 11) peaks for
H3K27ac, H3K18ac and H4K8ac (Figure 7B). The relationship is quantitative, with higher
levels of ZLD binding coupled to increased levels of the same three marks in cycle 8 and
cycle 11 embryos(Figure 7C). The relationship between ZLD binding and these histone
marks decays over time (Figure 7D), likely reflecting the increasingly complex
transcriptional profile of the genome. However, the strength of this association in early
stages of the MZT suggests that ZLD is a - if not the - dominant factor shaping the early
chromatin landscape.

Beginning at cycle 13, ZLD peaks are generally associated with H3K4me1l, which marks
enhancers as well as promoters. Thus ZLD binding to enhancers and promoters occurs
prior to the deposition of this histone modification. There was also a striking relationship
between early ZLD binding and the later presence of the Polycomb-repression associated
mark H3K27me3. At cycle 14, a large fraction of H3K27me3 domains overlap with strong
ZLD peaks (Figure 8), both at promoters and in intergenic regions. Within the broad
H3K27me3 domains, the signal was almost completely absent in regions corresponding to
ZLD-binding peaks. This local lack of H3K27me3 in large H3K27me3 regions may reflect
an intermediate step toward silencing of the ZLD-associated enhancers that are active in
pre-cellular blastoderm embryos, such as the tll K10 enhancer (Fig 8C). In other cases
where the genes will become transcriptionally active only in later stages, the prevention of
local H3K27me3 deposition by ZLD at the putative enhancers marked by ZLD binding may
be important to poise them for later activation.

One good example for such relationship between ZLD binding in a H3K27m3 domain in
enhancer posing is shown by the 0lf413 gene (Fig.8D). This gene is associated with paused

7


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

RNA polymerase in blastoderm embryos, and is transcribed only after stage 11 (BDGP). It
has two putative enhancers as indicated by the presence of two promoter distal H3K4me1l
peaks. One of these peaks also overlapped with H3K27me3 binding, similar to other
previously described typical poised enhancers (Calo and Wysocka, 2013). Importantly, in
the H3K27me3 region, there is also a strong ZLD binding peak, and around this peak
H3K27me3 signal is locally depressed. The potential role of ZLD in poising this enhancer
for later activation can be illustrated by the following scenario: conceivably, in later
developmental stages, in the cells where ZLD continues to be expressed, ZLD binding will
continue to maintain the enhancer in a poised state or lead to activation of this enhancer.
In contrast, in cells that do not express ZLD, this gap of H3K27me3 will be filled leading to
complete silencing of this enhancer.

Histone marks at enhancers are decreased in embryos lacking maternal ZLD

To directly analyze the role that ZLD plays in the activation of the zygotic genome during
the MZT, we carried out a limited series of ChIP experiments using embryos lacking
maternal zId RNA, obtained from zld- germ-line clones (Liang et al., 2008). These females
lay significantly less than their wild-type counterparts, and thus obtaining sufficient
amounts of staged chromatin was a challenge.

ChIP with an anti-ZLD antibody on these nominally zld- embryos at mitotic cycle 12 to mid-
14, showed modest ZLD binding at the same set of sites bound in wild-type embryos
(Figure 9). This residual ZLD activity is likely due to zygotic transcription of the paternal
copy in female embryos. (zelda is on the X chromosome and thus male offspring do not
receive a functional zelda from their father.) Thus these ChIP data reflect the depletion,
rather than elimination, of ZLD.

Intergenic ZLD-bound regions (Figure 9B) had a marked loss of H3K4me1 and a decrease
of H3K18ac. The ZLD-associated NFR present in wild-type embryos was almost completely
gone. In contrast, we saw a limited effect of ZLD depletion on the promoter histone state
globally. There is still a strong NFR, and the marks we observed are present at roughly the
same levels.
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Discussion

Nature of chromatin changes during MZT

During the first stage of embryonic development, the genome must be reprogrammed from
the differentiated states associated with the egg or sperm to create a set of totipotent cells
capable of generating a new organism. During this early phase of development, gene
expression is limited. It is currently unknown how the regulation of gene expression relates
to the reprogramming of the epigenetic state and what factors might regulate these
changes in chromatin architecture. By combining high-resolution gene expression analysis
with precise mapping of nine histones mark through this early stage of development, our
data suggest that this reprogramming, at least in Drosophila, occurs by transitioning
through a naive state in which many histone marks commonly present in somatic cells are
absent or at comparably low levels. We further demonstrate that histone acetylation of
H3K18, H3K27, and H4K8 precedes most histone methylation. Thus we suggest that the
establishment of the totipotent chromatin architecture proceeds in an ordered process
with acetyl marks being deposited prior to methyl marks.

Studies in other organism have similarly suggested that this early reprogramming is
characterized by a transition through a relatively unmodified chromatin state.
Immunostaining in mouse and bovine embryos has demonstrated that some histone
methylation marks are removed following fertilization (Burton and Torres-Padilla, 2010).
Additionally, studies in zebrafish have demonstrated widespread changes in chromatin
marks as the embryo progresses through the MZT. While the extent and location of specific
histone modifications in zebrafish is not consistent between recent studies (Lindeman et al.,
2011; Vastenhouw et al.,, 2010), a general widespread increase in histone methylation
(H3K4me3, H3K27me3, H3K36me3, and H3K9me3) is evident at the MZT. Thus in most, if
not all, organisms studied to date there is a dramatic increase in the abundance of histone
modifications at the MZT, coinciding with zygotic genome activation.

One important lingering question is how this naive state is established; whether there is a
specific system that removes gametic marks associated with sperm and egg at fertilization,
or whether the rapid replication cycles of early development are simply incompatible with
active and differentiated chromatin. The lack of some histone marks in developing mouse
and bovine embryos, which do not undergo rapid cell cycles early in development, suggests
that while the mechanisms may vary between species the removal of parental histone
modifications may be a general feature of reprogramming. In the future, it will be
important to understand how this transition is regulated to allow for the generation of a
totipotent cell population.

The data presented here provide only a glimpse into this process, but the biochemical and
genomic tools exist now to create a more complete accounting of the proteins that interact
with DNA during early embryogenesis, to understand how the process is regulated, and to
determine the effect this process has on subsequent steps in development.

Early transcription does not require marks canonically associated with activation
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Post translational modifications on histones have been associated with differential levels of
gene expression and have been used to predict gene activity. H3K4me3 at promoters and
H3K36me3 within gene bodies widely reflect active transcription. However, our data
demonstrate that transcription can occur in the near absence of these marks. Through the
combination our previously published high-resolution gene expression data and our
precise mapping of histone modifications, we show that at the promoters and within the
gene bodies of those genes transcribed prior to cycle 14 that H3K4me3 and H3K36me3
levels are below detection. Interestingly global H3K36me3 levels are also below the level of
detection in the mouse embryo as it undergoes the first wave of zygotic genome activation
(Boskovic et al., 2012).

Together these data suggest that marks canonically associated with gene activation at later
stages of development are not associated with transcriptional activity in the very early
zygote. Moreover, recent data has demonstrated that these marks may not be required for
transcription later in development. For example, in the Drosophila wing disc methylation of
H3K4me3 is not required for transcriptional activity (Hodl and Basler, 2012). Additionally,
data from S. cerevisiae show robust transcriptional activation of a gene localized to
heterochromatin in the presence of minimal amounts of H3K36me3 (Zhang et al., 2014).
Thus increasing evidence suggests that while specific histone modifications may be
associated with levels of gene activity they are not required, in at least some cell types, for
expression.

By contrast, in zebrafish H3K4me3 was identified at promoters of genes prior to their
occupancy by RNA polymerase (Lindeman et al.,, 2011; Vastenhouw et al., 2010). Because
those genes marked by H3K4me3 early are more likely than most genes to be activated at
the MZT, it has been proposed that this mark is preparing genes for activation in the early
zebrafish embryo. Thus, while histone marks can be associated with specific transcriptional
outputs it appears that they are neither necessary nor sufficient for predicting gene
expression.

A simple model for early genome activation

While the data presented here are far from complete, together with our previously
published high-resolution transcriptional analysis, they suggest a model in which regions
of genomic activity in the cellular blastoderm are established by events that transpire
earlier in development. In particular, they indicate that the early binding of ZLD to target
sites across the genome may trigger a cascade of events - reflected in the early histone
depletion and the appearance of several histone acetylation marks, and the subsequent
appearance of functional class-specific methylation marks - that may act to counter the
establishment of Polycomb-mediated repression in many loci (Figure 10).

There are obviously other players in the process besides ZLD, as evidenced by the
maintenance of many features of an active state at promoters in ZLD depleted embryos.
However, the tight coupling of ZLD binding and early histone acetylation suggests that ZLD
is playing a major role in the process.
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Of course our data are largely silent as to how ZLD might be playing this role. That the first
feature we observe associated with ZLD binding is histone acetylation, raises the possibility
that ZLD specifically recruits histone acetyltransferases, several of which including Nejire
and Diskette are maternally deposited, and that these modifications play a direct or
indirect role in genome activation. Alternatively, ZLD may simply act as a kind of steric
impediment to subsequent chromatin compaction and silencing - with the observed
histone acetylation an indirect byproduct of early ZLD binding.

We have previously observed that, while ZLD binding is fairly stable across the MZT, some
of the regions it binds at cycle 8 are unbound at cycle 14 (Harrison et al., 2011). This may
reflect the need for other factors to work in conjunction with ZLD while more restrictive
chromatin is established. Indeed, while ZLD protein levels remain high through the MZT,
the increasing number of nuclei means that absolute ZLD levels are dropping in each
nucleus and may reach a point at which ZLD binding alone is insufficient to keep regions
active or resist silencing.

The possible interaction between ZLD and Polycomb repression may help explain some
puzzling and inconsistent results we and others have obtained about the effects of ZLD on
expression driven by transgenic enhancer constructs. While the removal of ZLD sites from
transgenic enhancers almost always reduces their activity, it almost never eliminates it,
which would seem to invalidate the model we have presented above. However, the
transgenic enhancer constructs that have been tested in this regard invariably have
insulator sequences that resist the spread of Polycomb silencing, and have been inserted
into parts of the genome that have been pre-screened to be relatively free of such silencing.
If ZLD’s primary role is to resist Polycomb silencing, then we would not expect the loss of
ZLD binding sites to affect the activity of enhancers placed into such activation friendly
environs.

ZLD as a pioneer transcription factor

Work from Ken Zaret and others over the past decades has identified a class of
transcription factors, known as “pioneer” factors, that bind early to enhancers during
differentiation and thereby promote the binding of other factors to the enhancer. Zaret
attributes two characteristics to pioneer factors: 1) they bind to DNA prior to activation
and prior to the binding of other factors, and 2) they bind their target sites in nucleosomes
and in condensed chromatin (Zaret and Carroll, 2011).

ZLD clearly has the first characteristic. But it is not clear that is has the second. Our data
suggest that there is essentially no condensed chromatin in the early embryo, as
nucleosome density is relatively low, nucleosomes are relatively evenly distributed across
the genome, and hallmarks of repressed chromatin are absent. This is consistent with the
unusually broad binding of ZLD to its target sequences: ZLD binds to more than fifty
percent of its target sites in the genome, far more than what is typical for other factors later
in development. We and others have shown that the restricted binding of other factors is
largely due to the occlusion of most of their sites by condensed chromatin. Perhaps ZLD
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binds to a large fraction of its sites because there simply is no condensed chromatin in the
early embryo. If so, ZLD would not require, and therefore would likely not possess, the
ability to bind its sites in condensed chromatin.

Nonetheless, it is clear, if our model is correct, that ZLD is fulfilling the same general role
that pioneer factors carry out - getting to the genome first and facilitating the subsequent
binding of other factors.

While there are no clear ZLD homologs outside of insects, it has recently been shown that
in zebrafish the transcription factor Pou5f1, in combination with Nanog and SoxB1, drives
zygotic genome activation and may share with ZLD a pioneer-like activity (Lee et al., 2013;
Leichsenring et al., 2013). Together these data suggest that pioneer transcription factors
may generally be required to prepare the embryonic genome for widespread
transcriptional activation at the MZT. Interestingly, Pou5f1 is homologous to the canonical
pluripotency factor Oct4, which along with Nanog and Sox2, are transcription factors
expressed to generate induced pluripotent stem cells. Together these data make an explicit
connection between the role of pioneer-like factors in zygotic genome activation and the
establishment of a totipotent state.

Separation of enhancer specification from output

Another attractive feature of the model presented above is that it would explain an
important and unexplained question about transcriptional enhancers: given that
essentially every enhancer sized stretch of the Drosophila genome contains a large number
of binding sites for the factors active in the cellular blastoderm (or any other stage of
development) (Berman et al., 2002), why is it that only a small fraction of the genome
functions as an enhancer?

It has long been thought that the difference between enhancers and the remainder of the
genome is that enhancers do not simply contain binding sites, but rather have these sites in
a particular configuration that leads to activation. However, the arrangement of binding
sites within Drosophila enhancers is highly flexible (Hare et al., 2008; Ludwig and Kreitman,
1995; Ludwig et al., 2005; Ludwig et al., 1998), and we have struggled to find any evidence
for strong “grammatical” effects in enhancer organization.

The data presented here and elsewhere on ZLD binding and activity support the alternative
explanation that the specification of enhancer location and output are distinct processes
carried out by specific sets of factors: pioneer factors like ZLD - that determine where an
enhancer will be, by influencing the maturation of genomic chromatin, and more classical
patterning factors that determine what the transcriptional output of the enhancer will be.
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Materials and Methods
Antibodies

The antibodies for histone H3, and various histone modifications were purchased from
commercial sources as listed in Table 1.

Fly strains

The z1d2°% mutant and the ovoP! mutant lines used to obtain zId maternal mutant embryos
using the FLP-DFS technique (Chou and Perrimon, 1996) have been described previously
(Liang et al., 2008) and were obtained from the Rushlow lab at NYU.

In vivo formaldehyde cross-linking of embryos, embryo sorting, and chromatin preparation

D. melanogaster flies were maintained in large population cages in an incubator set at
standard conditions (25°C). Embryos were collected for 30 minutes, and then allowed to
develop for 55, 85, 120 or 160 additional minutes before being harvested and fixed with
formaldehyde. The fixed embryos were hand sorted in small batches using an inverted
microscope to remove embryos younger or older than the targeted age range based on
morphology of the embryos as previous described (Harrison et al.,, 2011). After sorting,
embryos were stored at -80°C. After all collections were completed, the sorted embryos of
each stage were pooled, and a sample of each pool were stained with DAPI. The ages of the
embryos and their distribution in the two younger embryo pools (c7-9, and c11-12) were
determined based on nuclei density of the stained embryos. The ages of embryos between
c13 and c14 were harder to distinguish based on DAPI staining alone, and they were
determined based more on morphology. 7.5, 0.7, 0.4, and 0.3 g of embryos at four different
stages respectively, were used to prepare chromatin for immunoprecipitation following the
CsCl; gradient ultracentrifugation protocol as previously described (Harrison et al., 2011).

ChIP and sequencing

The chromatin obtained was fragmented to sizes ranging from 100 to 300 bp using a
Bioruptor (Diagenode, Inc.) for a total of processing time of 140 min (15 s on, 45 s off), with
power setting at “H”. Prior to carrying out chromatin immunoprecipitation, we mixed the
chromatin from each sample with a roughly equivalent amount of chromatin isolated from
stage 4-5 (mitotic cycle 13 - 14C) D. pseudobscura embryos, and used about 2 pg of total
chromatin (1 pg each of the D. melanogaster and D. pseudobscura chromatin) for each
chromatin immunoprecipitation. The chromatin immunoprecipitation reactions were
carried out as described previously (Harrison et al, 2011) with 0.5 ug anti-H4K5ac
(Millipore, 07-327), 0.5 ug of anti-H3K4me3 (Abcam, ab8580), 0.5 ug of anti-H3K27ac
(Abcam, ab4729), 1 ug of anti-H3 (Abcam, ab1791), 0.75 ug anti-H3K4mel (Abcam,
ab8895), 0.75 ug anti-H4K8ac (Abcam, ab15823), 1.5 ul of anti-H3K9ac (Activemotif,
39138), 0.75 ug anti-H3K18ac (Abcam, ab1191), 3 ug anti-H3K27me3 (Millipore, 07-449),
or 0.75 ug anti-H3K36me3 (Abcam, ab9050). The sequencing libraries were prepared from
the ChIP and Input DNA samples using the I[llumina TruSeq DNA Sample Preparation kit

13


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

following the manufacturer’s instructions, and DNA was subjected to ultra-high throughput
sequencing on a [llumina HiSeq 2000 DNA sequencers

Mapping sequencing reads to the genome, and peak calling

Sequenced reads were mapped jointly to the April 2006 assembly of theD.
melanogaster genome [Flybase Release 5] and the November 2004 assembly of the D.
pseudoobscura genome [Flybase Release 1.0] using Bowtie (Langmead, 2010) with the
command-line options “-q -55-35-170 -n 2 -a -m 1 --best-strata”, thereby trimming 5
bases from each end of the 100 base single reads, and keeping only tags that mapped
uniquely to the genomes with at most two mismatches. Each read was extended to 130 bp
based on its orientation to generate the ChIP profiles. We called peaks for each experiment
using MACS (Zhang et al., 2008) v1.4.2 with the options “-- nomodel --shiftsize=130", and
used Input as controls.

Data normalization

The addition of D. pseudoobscura chromatin prior to the chromatin immunoprecipitation
provided us with a means to normalize the ChIP signals for each histone mark and for H3
between different stages. To normalize, we first determined the scaling factor needed to
normalize the number of reads for D. pseudoobscura to 10 million, and scaled the signals of
D. melanogaster ChIP profile in each sample using this factor. We then multiplied the scaled
D. melanogaster signals by the ratio of D. pseudoobscura reads to D. melanogaster reads in
the Input sample, which represents the relative amounts of chromatin of the D.
melanogaster and the D. pseudoobscura in the starting chromatin samples used for the
chromatin immunoprecipitation reactions.

Overall dynamics of ChIP signals under enrichment peaks

Starting with peaks called by MACS as described above, we identified subpeaks by
peaksplitter  [http://www.ebi.ac.uk/research/bertone/software], and generated a
consolidated list of subpeaks for each histone mark for all stages by joining each group of
subpeaks that are within 200bp into a single peak. We calculated the ChIP signal for each
subpeak at each stage by summing the ChIP signal around a 500 bp window center around
of each peak position in the normalized ChIP profile generated as described above. To show
the overall trend of each histone mark, the range of the ChIP signal among all the subpeaks
at each stage is shown as box plot.

Gene classification according to transcription dynamics

Using our previous single-embryo RNA-seq data from Lott et al. (Lott et al., 2011), genes
were classified as zygotic or maternal. In addition, we defined another class of non-
expressed (showing no transcription from mitotic cycles 10 through the end of cycle14.
Finally, we further divided the zygotic genes into four different groups based on their onset
of zygotic expression (first time point with FPKM>1). This includes 107 genes whose onset
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of expression was around mitotic cycles 10-11 (“Early” group), 99 genes at cycles 12-13
(“Mid”), 143 genes at early cycle 14 (“Late”), and 99 genes during late cycle 14 (“Later”).

Defining embryo blastoderm enhancers

A set of putative enhancers was defined based on the in vivo binding locations for early
transcription, as measured previously by us using ChIP-chip (MacArthur et al., 2009). Here,
we summed the raw ChIP-chip signal for 16 factors, including the A/P (Bicoid, Caudal,
Hunchback, Giant, Kriippel, Knirps, Huckebein, Tailless, and Dichaete) and D/V (Dorsal,
Snail, Twist, Daughterless, Mad, Medea, and Schnurri) regulators. We then identified all
regions with cumulative signal over 20. This yielded 784 genomic regions, with an average
length of 488bp. These putative enhancers were then classified based on their position
with regard to nearby genes, retaining only a set of 588 intergenic and intronic putative
enhancers.

Analysis of motif enrichment

Two methods were used to investigate the DNA motifs enriched around the peaks
identified by MACS. First, 7mers enriched in the 2 kb sequences around the peaks for each
experiment were identified by comparing the frequency of each 7mer to the 7mer
distribution in randomly selected 2 kb sequences throughout the genome. The selection of
the random sequences was restricted to the major chromosome arms excluding the
heterochromatic sequences, and the distribution of the number of random sequences were
set to match the distribution of peaks among different chromosome arms. The enrichment
of the 7mers was ranked based on Z scores. In parallel, the motif enrichment analysis was
also carried out using MEME (Bailey and Elkan, 1994) with motif length set at 6 - 10 and
maximum number of motifs to be found at 10. In this case the sequences located in the 250-
650 bp surrounding the maximum of the histone mark peak were used, and random
sequences selected using the same criteria as the kmer enrichment analysis were used as
negative control. The search was limited to the 150 top ranked peaks for each histone mark.
After the candidate enriched motif was identified from these two methods, the motifs were
used to map the enrichment around all the peaks by patser (Hertz and Stormo, 1999) using
a In(p-value) cutoff of -7.5, and with Alphabet set at “a:t 0.3 c:g 0.2”.

ChIP-seq in zIld mutant embryos

To obtain embryos depleted of maternal zId RNA, the FLP-DFS technique was used. Briefly,
zld?**, FRT19A/FM7 (Liang et al, 2008) virgin females were crossed with
ovoPL,hsFLP112,FRT19A/Y (Liang et al., 2008) males. The larvae developed from embryos
laid by females from these crosses were heatshocked twice, each for 2 hours at 37°C, when
they were between 24-48hr, and between 48-72 hr old. Collection of the mutant embryos
from the resulting female progeny, as well as the aging and fixation of the embryos was
carried out following standard protocol as described above except that the collection
period is 3 hours followed by 1 hr aging. The embryos were sorted to remove deformed
post cycle 14 embryos. As a control, wild-type embryos were collected, treated in parallel
and sorted to remove embryos older than stage 5. The ChIP-seq was carried out with the

15


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

chromatin from the mutant and wild-type embryos using anti-H3, anti-H3K18ac, anti-
H3K4mel, and anti-ZLD antibodies as described above.

Data availability

We are setting up a site to distribute all of the data collected as part of this project and
submitting the sequencing reads to the relevant databases. In the meantime, we are happy
to share any of these data described here.
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Figure Legends

Figure 1. Hand sorting based on morphology results in tightly staged embryos
(A) Experimental scheme. D. melanogaster embryos were collected and allowed to develop
before being fixed with formaldehyde. Fixed embryos were hand sorted to obtain pools of
embryos within a relatively narrow age distributions between mitotic cycle 8 and the end
of cycle 14. To serve as carrier and normalization standard, chromatin from fixed stage 5
(cycle 14) D. pseudoobscura embryos was prepared and added to the chromatin from the
sorted embryos prior to chromatin immunoprecipitation. In ChIP-seq data analysis, the
sequencing reads for D. pseudoobscura were used to normalize the D. melanogaster ChIP-
seq signals. (B) Embryo collection and sorting. The timeline of the early embryogenesis is
depicted on top with the relative lengths of each mitotic cycle approximated by the size of
the box. The developmental stages (from 1-5) are indicated by different colors. The earliest
sustained transcription is detected is at cycle 7, and the mid-blastula transition (MBT)
occurs when a large number of genes are transcriptionally activated at approximately the
end of cycle 13. We generated four pools of sorted embryos with developmental stages
centered around cycles 8, 11, 13, or 14 as shown by differential interference contrast (DIC)
and DAPI. (C) We determined the distribution of the developmental cycle of the embryos in
each pool as shown by counting the number of nuclei in DAPI-stained embryos or by
examining the extend of membrane envagination during cycle 14.

Figure 2. Global levels of histone marks change over early development

(A) The number of aligned reads (after normalization to D. pseudoobscura) for the four
developmental time points are indicated for each histone mark and histone H3. (B) The
number of peaks detected using the peak calling program, MACS (Zhang Y, 2008), for each
histone mark at each stage are shown. (C) Box plots show the trend of average ChIP-seq
signals over +/- 1 kb sequences around the peaks detected across all stages for each
histone mark. The dark line in the middle of the plot represents the median, the edges of
the box represent the 15t and 3rd quartiles.

Figure 3. Dynamics of H3 and histone marks around selected genes

The normalized ChIP-seq signal profiles, for histone H3 and nine different histone marks at
four development time points at selected genomic loci. Shown are the early onset genes,
sna and amos, and late onset genes, btsz and lea. The peak regions of histone acetylation
marks detectable prior to MBT are highlighted with cyan-colored boxes. The peak regions
for histone marks detected only after the MZT are highlighted by yellow-colored boxes.
Below are the ZLD ChIP_seq profile (Harrison et al., 2011) from c8, 13, and 14 embryos, as
well as RNA_seq signals (Lott etal., 2011) at c11, c13, c14(b).

19


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Figure 4. Classification of genes based on timing of transcriptional initiation during
early embryogenesis

(A) Gene grouping based on RNA-seq profiles. Based on previous single-embryo RNA-seq
data (Lott et al, 2011), we identified three classes of genes: maternally deposited
(maternal), zygotically transcribed but not maternal (zygotic) and not expressed in embryo
(silent). For the purpose of this study, we further divided the zygotic group into early, mid,
late, and later subgroups based on the first mitotic cycle in which transcript is identified.
(A) Heatmap showing normalized expression (Lott et al., 2011) of genes in each class at
from mitotic cycle 10 through 14. (B) RNA polymerase II ChIP-seq signals (Chen et al,,
2013) around the transcription start sites (+/- 1.5 kb) of the genes in each category for
three developmental time points, pre-MBT (left), MBT(middle), and post-MBT(right)
embryos. The genes in each group were ordered based on cycle 14 RNA polymerase II
signals (genes with the highest signal are on top).

Figure 5 Relationship between H3 depletion, histone modifications and transcription
dynamics

Heatmaps show ChIP-seq signals for histone H3 and different histone modification marks
at each stage centered around the transcription start sites (+/- 1.5 kb). Genes are divided
based on their timing of expression as described in Figure 4. For each histone mark and for
histone H3 the same scale was used for heatmaps across all four developmental time points.
The graphing height and gene order are the same as in Figure 4. TSS = transcriptional start
site.

Figure 6. Dynamics of histone H3 depletion and histone modifications around
blastoderm embryo enhancers

Heatmaps show ChIP-seq signals for histone H3 and different histone modification marks
at each stage centered around putative enhancers (as described in text). Enhancers are
ordered by chromatin accessibility, as measured by DNasel-seq signals from cycle 14
embryos (Thomas et al., 2011) from high (top) to low (bottom). On the right, the heatmaps
show the ChIP_seq signals for ZLD around these enhancers at c8, c13, and c14 (Harrison et
al,, 2011). The line plots at the bottom show the average ChIP-seq for histone H3, histone
modifications, and ZLD at each stage around the enhancers. Enh = enhancer.

20


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Figure 7. Relationship between histone occupancy, histone modification pattern and
ZLD binding

(A) ZLD DNA binding motif enrichment around cycle 8 peaks for H4K8ac and H3K18ac,
H3K27ac. Peaks were ranked based on peak height, divided into bins of 100, and the
average of the numbers of ZLD binding motif at each position around the peaks in each bin
plotted. (B) Heatmap showing the overlap between histone acetylation peaks detected at
cycle 8 and 11, and ZLD peaks detected at cycle 8 (top 2000 ranked peaks). As a control,
overlaps between histone mark peaks with random set of genomic positions that matched
the number of ZLD peaks are shown. (C) Scatter plots showing the correlation between the
signals around the peaks for the histone acetylation marks at cycle 8 and cycle 11 and the
peak heights of the associated ZLD peaks (within 1 kb of the histone mark peaks). The
signal for each peak was the average over the +/- 1 kb region surrounding the peak. The
correlation coefficient (r) for each plot is shown. (D) Heatmaps shows the correlation
between the height of the top 5000 non-redundant ZLD peaks and ChIP-seq signals for
histone H3 (averaged over a +/-200 bp region around each ZLD peak) or for each of the
histone marks (average signals over +/- 1 kb around the ZLD peaks). The correlation
coefficients were determined individually for all the ZLD peaks (All), for ZLD peaks that are
located in intergenic and intronic (INT) regions, for the promoter (-300 - +100 bp around
transcription start site), or for ZLD peaks within coding sequences (CDS).

Figure 8. Effect of ZLD binding on H3K27me3 deposition

(A) Venn diagram showing the overlap between H3K27me3 peaks and strong ZLD-binding
peaks (top 2000 by rank) at cycle 14. Red numbers indicate ZLD peaks, and black numbers
indicate H3K27me3 peaks. (B) Average H3K27me3 ChIP-seq signal profiles around ZLD
peaks (promoter peaks shown in blue and non-promoter peaks in red) showing that ZLD
peaks tend to occur in large H3K27me3 domains. (C) ChIP-seq profiles at cycle 14 for
H3K27me3, ZLD, H3K4mel and RNA polymerase II along with RNA-seq signals around the
gene tll. tll is expressed both in blastoderm stage embryos and in neuronal cells in later
development. Enhancer sequences driving tll expression in either the blastoderm (cyan;
K10, D3) or in older embryos (purple; K4, P2) are shown (Rudolph et al,, 1997). (D) The
region centered around the 5’ region of the gene 0lf413 is depicted as in (C). At cycle 14,
RNA polyermase is paused at the transcription start site of 0lf413, and o0lf413 is not
transcribed at this time. 0lf413 has two putative promoter-distal enhancers that are
marked by H3K4mel and ZLD binding, with one enhancer also associated with a strong
H3K27me3 signal.

Figure 9. Effect of zld mutation on histone occupancy and modifications

Heatmaps show ChIP-seq data from WT embryos (left) and embryos lacking maternal zid
(right). (A) Heatmaps centered at transcription start sites ordered by cycle 14 RNA
polymerase II binding. (B) Heatmaps centered around ZLD (Harrison et al.,, 2011) for the
top 1000 bound regions and are centered around the intergenic ZLD binding site. TSS,
transcription start site
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Figure 10. Model for ZLD function during zygotic genome activation

ZLD binds to enhancers in pre-MBT embryos at as early as cycle 8. This leads to histone
acetylation and nucleosome remodeling around ZLD binding sites, which facilitates binding
by other transcription factors, and in many other cases leads to additional deposition of
histone marks including H3K4mel while at the same time prevents local deposition of

repressive histone mark H3K27me3 and presumably formation of repressive higher order
chromatin structure.
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Tables

Table 1
Mark AB source AB catalog #
H3 Abcam ab1791
H4K5ac Millipore 07-327
H4K8ac Abcam ab15823
H3K18ac Abcam ab1191
H3K27ac Abcam ab4729
H3K4mel Abcam ab8895
H3K4me3 Abcam ab8580
H3K9ac ActiveMotif 39138
H3K27me3 Millipore 07-449
H3K36me3 Abcam ab9050

23


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

References

Ali-Murthy, Z., Lott, S.E., Eisen, M.B., and Kornberg, T.B. (2013). An essential role for zygotic
expression in the pre-cellular Drosophila embryo. PLoS Genet 9, e1003428.

Bailey, T.L., and Elkan, C. (1994). Fitting a mixture model by expectation maximization to
discover motifs in biopolymers. Proceedings / International Conference on Intelligent
Systems for Molecular Biology ; ISMB International Conference on Intelligent Systems for
Molecular Biology 2, 28-36.

Berman, B.P., Nibuy, Y., Pfeiffer, B.D., Tomancak, P., Celniker, S.E., Levine, M., Rubin, G.M., and
Eisen, M.B. (2002). Exploiting transcription factor binding site clustering to identify cis-
regulatory modules involved in pattern formation in the Drosophila genome. In
Proceedings of the National Academy of Sciences of the United States of America, pp. 757-
762.

Blythe, S.A., Cha, S.-W., Tadjuidje, E., Heasman, J., and Klein, P.S. (2010). beta-Catenin
primes organizer gene expression by recruiting a histone H3 arginine 8 methyltransferase,
Prmt2. Dev Cell 19, 220-231.

Boskovic, A., Bender, A., Gall, L., Ziegler-Birling, C., Beaujean, N., and Torres-Padilla, M.E.
(2012). Analysis of active chromatin modifications in early mammalian embryos reveals
uncoupling of H2A.Z acetylation and H3K36 trimethylation from embryonic genome
activation. Epigenetics : official journal of the DNA Methylation Society 7, 747-757.

Burton, A., and Torres-Padilla, M.E. (2010). Epigenetic reprogramming and development: a
unique heterochromatin organization in the preimplantation mouse embryo. Briefings in
functional genomics 9, 444-454.

Calo, E., and Wysocka, J. (2013). Modification of enhancer chromatin: what, how, and why?
Mol Cell 49, 825-837.

Chen, K., Johnston, J., Shao, W., Meier, S., Staber, C., and Zeitlinger, J. (2013). A global change
in RNA polymerase Il pausing during the Drosophila midblastula transition. Elife 2, e00861.

Chopra, V.S, Hendrix, D.A., Core, L.J,, Tsui, C., Lis, ].T., and Levine, M. (2011). The polycomb
group mutant esc leads to augmented levels of paused Pol Il in the Drosophila embryo. Mol
Cell 42, 837-844.

Chou, T.B., and Perrimon, N. (1996). The autosomal FLP-DFS technique for generating
germline mosaics in Drosophila melanogaster. Genetics 144, 1673-1679.

Combs, P.A, and Eisen, M.B. (2013). Sequencing mRNA from cryo-sliced Drosophila
embryos to determine genome-wide spatial patterns of gene expression. PloS one 8,
e71820.

De Renzis, S., Elemento, 0., Tavazoie, S., and Wieschaus, E.F. (2007). Unmasking activation
of the zygotic genome using chromosomal deletions in the Drosophila embryo. PLoS Biol 5,
ell7.

24


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Fisher, W.W.,, Li, ].J., Hammonds, A.S., Brown, ].B., Pfeiffer, B.D., Weiszmann, R., MacArthur, S.,
Thomas, S., Stamatoyannopoulos, J.A., Eisen, M.B,, et al. (2012). DNA regions bound at low
occupancy by transcription factors do not drive patterned reporter gene expression in
Drosophila. Proc Natl Acad Sci US A 109, 21330-21335.

Gallo, S.M.,, Gerrard, D.T., Miner, D., Simich, M., Des Soye, B., Bergman, C.M., and Halfon, M.S.
(2011). REDfly v3.0: toward a comprehensive database of transcriptional regulatory
elements in Drosophila. Nucleic Acids Res 39, D118-123.

Hare, E.E., Peterson, B.K,, Iyer, V.N., Meier, R., and Eisen, M.B. (2008). Sepsid even-skipped
enhancers are functionally conserved in Drosophila despite lack of sequence conservation.
PLoS Genet 4, e1000106.

Harrison, M.M,, Li, X.-Y., Kaplan, T., Botchan, M.R,, and Eisen, M.B. (2011). Zelda binding in
the early Drosophila melanogaster embryo marks regions subsequently activated at the
maternal-to-zygotic transition. PLoS genetics 7, e1002266.

Hertz, G.Z., and Stormo, G.D. (1999). Identifying DNA and protein patterns with statistically
significant alignments of multiple sequences. Bioinformatics 15, 563-577.

Hodl, M., and Basler, K. (2012). Transcription in the absence of histone H3.2 and H3K4
methylation. Current biology : CB 22, 2253-2257.

Langmead, B. (2010). Aligning short sequencing reads with Bowtie. Current protocols in
bioinformatics / editoral board, Andreas D Baxevanis [etal] Chapter 11, Unit 11 17.

Lécuyer, E. Yoshida, H., Parthasarathy, N., Alm, C., Babak, T., Cerovina, T., Hughes, T.R,,
Tomancak, P., and Krause, H.M. (2007). Global analysis of mRNA localization reveals a
prominent role in organizing cellular architecture and function. Cell 131, 174-187.

Lee, M.T., Bonneau, A.R., Takacs, C.M., Bazzini, A.A., DiVito, K.R., Fleming, E.S., and Giraldez,
AlJ. (2013). Nanog, Pou5f1 and SoxB1 activate zygotic gene expression during the maternal-
to-zygotic transition. Nature 503, 360-364.

Leichsenring, M., Maes, ]., Mossner, R., Driever, W.,, and Onichtchouk, D. (2013). Pou5f1
transcription factor controls zygotic gene activation in vertebrates. Science 341, 1005-
1009.

Li, X.-y., MacArthur, S., Bourgon, R., Nix, D., Pollard, D.A,, Iyer, V.N., Hechmer, A., Simirenko,
L., Stapleton, M., Luengo Hendriks, C.L., et al. (2008). Transcription factors bind thousands
of active and inactive regions in the Drosophila blastoderm. PLoS biology 6, e27.

Li, X.-Y., Thomas, S., Sabo, P.]., Eisen, M.B., Stamatoyannopoulos, J.A., and Biggin, M.D. (2011).
The role of chromatin accessibility in directing the widespread, overlapping patterns of
Drosophila transcription factor binding. Genome Biol 12, R34.

Liang, H.-L., Nien, C.-Y., Liu, H.-Y., Metzstein, M.M,, Kirov, N., and Rushlow, C. (2008). The
zinc-finger protein Zelda is a key activator of the early zygotic genome in Drosophila.
Nature 456, 400-403.

Liang, H.-L., Xu, M., Chuang, Y.-C., and Rushlow, C. (2012). Response to the BMP gradient
requires highly combinatorial inputs from multiple patterning systems in the Drosophila
embryo. Development 139, 1956-1964.

25


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Lindeman, L.C., Andersen, LS., Reiner, A.H. Li, N, Aanes, H.a., @strup, O., Winata, C,
Mathavan, S., Miiller, F., Alestrom, P, et al. (2011). Prepatterning of developmental gene
expression by modified histones before zygotic genome activation. Dev Cell 21, 993-1004.

Lott, S.E. Villalta, J.E., Schroth, G.P. Luo, S. Tonkin, L.A., and Eisen, M.B. (2011).
Noncanonical compensation of zygotic X transcription in early Drosophila melanogaster
development revealed through single-embryo RNA-seq. PLoS Biol 9, e1000590.

Ludwig, M.Z,, and Kreitman, M. (1995). Evolutionary dynamics of the enhancer region of
even-skipped in Drosophila. Molecular biology and evolution 12, 1002-1011.

Ludwig, M.Z., Palsson, A., Alekseeva, E., Bergman, C.M., Nathan, ]., and Kreitman, M. (2005).
Functional evolution of a cis-regulatory module. PLoS Biol 3, €93.

Ludwig, M.Z., Patel, N.H., and Kreitman, M. (1998). Functional analysis of eve stripe 2
enhancer evolution in Drosophila: rules governing conservation and change. Development
125,949-958.

MacArthur, S., Li, X.-Y,, Li, ]J., Brown, J.,, Chu, H.C,, Zeng, L., Grondona, B., Hechmer, A,
Simirenko, L., Keranen, S, et al. (2009). Developmental roles of 21 Drosophila transcription
factors are determined by quantitative differences in binding to an overlapping set of
thousands of genomic regions. Genome Biol 10, R80.

McKnight, S.L., and Miller, J., O L (1976). Ultrastructural patterns of RNA synthesis during
early embryogenesis of Drosophila melanogaster. Cell 8, 305-319.

Negre, N., Brown, C.D., Ma, L., Bristow, C.A., Miller, SSW., Wagner, U., Kheradpour, P., Eaton,
M.L., Loriaux, P., Sealfon, R, et al. (2011). A cis-regulatory map of the Drosophila genome.
Nature 471,527-531.

Newport, J., and Kirschner, M. (1982a). A major developmental transition in early Xenopus
embryos: I. characterization and timing of cellular changes at the midblastula stage. Cell 30,
675-686.

Newport, ]., and Kirschner, M. (1982b). A major developmental transition in early Xenopus
embryos: II. Control of the onset of transcription. Cell 30, 687-696.

Nien, C.-Y., Liang, H.-L., Butcher, S., Sun, Y., Fu, S., Gocha, T., Kirov, N., Manak, J.R.,, and
Rushlow, C. (2011). Temporal coordination of gene networks by Zelda in the early
Drosophila embryo. PLoS Genet 7, e1002339.

Pritchard, D.K., and Schubiger, G. (1996). Activation of transcription in Drosophila embryos
is a gradual process mediated by the nucleocytoplasmic ratio. Genes Dev 10, 1131-1142.

Rudolph, K.M., Liaw, G.J., Daniel, A., Green, P., Courey, A.]., Hartenstein, V., and Lengyel, ]J.A.
(1997). Complex regulatory region mediating tailless expression in early embryonic
patterning and brain development. Development 124, 4297-4308.

Schwartz, Y.B., Kahn, T.G., Stenberg, P.,, Ohno, K, Bourgon, R, and Pirrotta, V. (2010).
Alternative epigenetic chromatin states of polycomb target genes. PLoS Genet 6, e1000805.

Sobel, R.E., Cook, R.G., and Allis, C.D. (1994). Non-random acetylation of histone H4 by a
cytoplasmic histone acetyltransferase as determined by novel methodology. ] Biol Chem
269,18576-18582.

26


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Tadros, W., and Lipshitz, H.D. (2009). The maternal-to-zygotic transition: a play in two acts.
Development 136, 3033-3042.

ten Bosch, ].R,, Benavides, J.A., and Cline, T.W. (2006). The TAGteam DNA motif controls the
timing of Drosophila pre-blastoderm transcription. Development 133, 1967-1977.

Thomas, S., Li, X.Y., Sabo, P.J.,, Sandstrom, R., Thurman, R.E., Canfield, T.K., Giste, E., Fisher,
W., Hammonds, A., Celniker, S.E, et al. (2011). Dynamic reprogramming of chromatin
accessibility during Drosophila embryo development. Genome Biol 12, R43.

Tomancak, P., Berman, B.P., Beaton, A., Weiszmann, R., Kwan, E., Hartenstein, V., Celniker,
S.E., and Rubin, G.M. (2007). Global analysis of patterns of gene expression during
Drosophila embryogenesis. Genome Biol 8, R145.

Vastenhouw, N.L., Zhang, Y., Woods, I.G., Imam, F., Regev, A,, Liu, X.S., Rinn, ]., and Schier, A.F.
(2010). Chromatin signature of embryonic pluripotency is established during genome
activation. Nature 464, 922-926.

Xu, Z., Chen, H., Ling, ]., Yu, D., Struffi, P., and Small, S. (2014). Impacts of the ubiquitous
factor Zelda on Bicoid-dependent DNA binding and transcription in Drosophila. Genes Dev
28,608-621.

Zaret, K.S.,, and Carroll, J.S. (2011). Pioneer transcription factors: establishing competence
for gene expression. Genes Dev 25, 2227-2241.

Zhang, H., Gao, L., Anandhakumar, J., and Gross, D.S. (2014). Uncoupling transcription from
covalent histone modification. PLoS Genet 10, e1004202.

Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., Nusbaum, C,,
Myers, R.M., Brown, M., Li, W,, et al. (2008). Model-based analysis of ChIP-Seq (MACS).
Genome Biol 9, R137.

27


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Fixed D.mel Staging,sorting Chromati
Embryos —» —Chromatin Normalize signal
lee;prse (4 development points) > » ChiP-seq—p  with
stage 5 Efnbryos P Chromatin D.pse reads
B mid-blastula transition gastrulation
Cleavagecycle 0] 1 | 2 [3[4[5]6]7[8] 9 |10 [ 11 [12 | 13 14
Time (hours) 1hr05 1hr40’ 2nr10° g
genes transcribed | None | <200 —
| S | S ! J J
cycle 8 cycle 11 cycle 13 cycle 14

100%
88%

£
e
So 45%  44%
= 44
ES 38%  36% T
2 [}
56 20%
=8 8% 127

<7 8 9 10 11 12 12 AW we®

Embryo stage (Mitotic cycle)

Li - Figure 1


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

Normalized mapped reads (millions)

Number of peaks

Average peak height

Li - Figure 2

w o o
o o o

=)

H4K5ac

aCC-BY 4.0 International license.

6.0

H4K8ac

20.0
15.0
10.0

5.0

i

H3K27ac

H3K9%ac

4.0
20

10.0

:
:

H3K4me1

H3K36me3

15.0
10.0
5.0

:

000 H4K5ac 4000 H4K8ac
750 3000
500 2000
250 1000
[0} 0
H3K27ac 5000 H3K4me1
3750
2500
1250
H3K9%ac - H3K36me3
3000 3000
2000 2000
1000 1000
0
H4K5ac H4K8ac
80 | 60
60
—_ 40
40 | ll*l. .
’ -+ -+ +
0 0
H3K27ac H3K4me1
150 T 250 i
0 -
5 | + 100
o 50 |
o o= -+
H3K9ac H3K36me3
500 : . f 400
400- [ 300 ;
300 - | - |
100 - : 1 100 ‘
L m 4

6.0

H3K18ac

4.0
20

15.0
10.0
5.0

10.0
75
5.0
25

2000
1500
1000

500

4000
3000
2000
1000

1200
900
600
300

60

40

20

800

600

400

200

400

300

200

100

2

H3K4me3

H3K27me3

:

H3K18ac

=

H3K4me3

H3K27me3

H3K18ac

H3K4me3

L

H3K27me3

"

[ C8 embryos

@ C11embryos
B C13 embryos
B C14 embryos


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

H3
H4K5ac
H4K8ac

H3K18ac

H3K27ac

H3K4me1
H3K4me3
H3K9ac

H3K36me3
H3K27me3
ZLD

RNA

Li - Figure 3

C8
cn
C13
C14

C8
cn
C13
C14

C8
cn
C13
C14

C8
cn
C13
C14

C8
cn
C13
C14

C8
cn
C13
C14

C8
C1
C13
C14

C8
cn
C13
C14

cn
C13
C14

Cc1
C13
C14

C8
C13
C14

cn
C13
C14

10 kb

20 kb

10kb

|

TSN T P VI W O T Y Wy )

bk b

PR it oo aa d i,

TPy

TR T T PR WY W )

FTSPTT RPN TN TR GPOR 1 SO PP

[ VPPN T YN ST OUTTY TS JRORP YRR UIY PRI 7OV TG YPUREPTRvTY V| S eny Rk bt ibn sl Al oy PP YO TN
oh i an dobe  meb. . PPV Y Adis bbb e b sl A s B sl o Jiandih, b iddh ot o o o - iy NPT W VROV | " b sk dund,
L e bl ot b s arhdh B b b b Ao, A bk A Y TR [T ORI TP NIy TRy T Mk saliain 4 a1 Lo sl bl okt

kAl ks

[WWRW WV VIR GV T PR Y

A . . PPV Y A Ao i bk dhdnliesion o kb, o el b s s ik bbb a ™ Tt Akt o Mtk i e h b tian ke, L
. - e cahns b PRI ik s
ey e e . Mok hh ok, ik o
adasth Bba . Aesode b o sstbond sibhas s AhA Addis st A, bbb b i
PRSP N TR ST il _aslodieo 20 At aba. aanlad | donsin idNA ool dnih Add i Adik
s s A b o oAb Dok b y Woo—— - Aot A . Aibn PAERYY Y PRI W T YT RO eyyr)

[[WPTTAT VIRV 0 T WP PP P TP

i addd bbb i

el o ad

e aid, " L.
IR A VPN WA VN TPV TR VIS SV VY W PNURUIW I PRI TN “ - I A [N T DTN | TR
ORIV A 7 S FPRPY S % AL ke PV T VU ST | NPTy N Lod b " AT
I | VO N - " . lll aka N RSP VU ST TR
— AL P S UMYV DPa Y L & P JFORPRETRIPON ¥ Y VP IO USRI SRS
A ™ dwoulanl ‘A A PUTTNT S SRV TIR PP W YO "
N N e Ao PRI DN N Ak swssled b sy i
. —la . A yYm Y N e il Ak T U .
- IO TR Y ik b estt A ]
e 'y A L
- . A L A |d
N . j . -
L [ A i
4 " 1 - R
L _ " s - S S
(" T SST  | PO Loandbbhi, 1 - - _
- A —ate e . - ada -y

=
b

T |

lm ik adhiada

R — —E
e G
amos

G

-—
Mooy, OB e

0G5t

(=

™
L
— == = lea™
= blsy -



https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

A 2 Ear,lg 100
> LM{e
1 Laer 10
Mat !
0.1
Silent 001
or-aom<moa
TTITIITT
Embryo age

!high
~low

53 [
-15k TSS +1.5k-1.5k TSS +1.5k-1.5k TSS +1.5k
Distance from transcription start site

Li - Figure 4


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

cycle 8

cycle 13 cycle 11

cycle 14

Li - Figure 5

H4K8ac
==

_H

=

3K1 8ac}

3K27ac

H3K4me1 ~ H3K9ac

H3K4me3 -

= = [
low high

H3K36me3

H3K27me3

= = B == —— B

-1.5k TSS +1.5k -

1.5k TSS +1.5k-1.5k TSS

= = _— == —— —= —k o
+1.5k-1.5k TSS +1.5k-1.5k TSS +1.5k-1.5k TSS +1.5k-1.5k TSS +1.5k-1.5k TSS +1.5k-1.5k TSS +1.5k

Distance from transcription start site


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

high

H3 H4K8ac H3K18ac H3K27ac H3K4me1 H3K9ac H3K4me3 ZLD

cycle 8

—low

cycle 11

cycle 13

cycle 14

WA

5k Enh. 5k -5k Enh. +5k-5k  Enh. +bk -5k  Enh. +bk -5k  Enh. +5k -5k  Enh. +5k -5k Enh. +bk -5k Enh. +bk -5k  Enh. +5k -5k  Enh. +5k
Distance from enhancer

Li - Figure 6


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

Rank of peak height

210
G G

H4K8ac, c8 H3K18ac, c8 H3K27ac, c8
Pt - [ o ] == F ""IJI—_
N "'5-;!': Sl

" = [ 'I_-. ol
:q IE- -ﬂ - - 5

e e s .‘:-'ﬂ'!é
B oS - -t: - N

__:L'J.' " ] - o[ 2 0 2%b
i e e e L

e P

o= gy | T e

e g - = |2k 0 2kb

- =

fowat . Jim

il N 0 03 >08

g g= O e Average number

=g = 7 of sites/200bp

-2kb 0 2kb

Distance from peak summit

oyce s I
Random ||, —
0 50 100%

HM peak overlapping
CyCle 1 _ ZLD(cycle 8) peaks
Random

& 4

overlapping ZLD peak height at cycle 8

H4K8ac, c8

H4K8ac, c11

r=0.69

r=0.50

2e% .

3 s
- _“’1‘.‘

— e

T
0

T
50

T T T T
100 150 200 250

H3K18ac, c8

T
300

T
0

T T T T
150 200 250 300

H3K18ac, c11

T T
50 100

r=0.50

o

r=0.32

o
Y

e

D

H4K8ac

H3K18ac

H3K27ac

H3K4me1

c8
cl1
c13
cl4

c8
cl1
c13
cl4

c8
cl1
c13
cl4

c8
¢l
c13

T
0

T T T
200 400 600

H3K27ac, c8

T
800

T
0

T T T T
200 400 600 800

H3K27ac, c11

r=0.36

r=0.40

0

T T T
200 400 600

T
800

T T T
200 400 600 800

ChIP signal for histone mark peaks

Li - Figure 7

cl4

c8
cl1
c13
cl4

c8 ||
cl1
c13
cl4

cl1
c13

H3K4me3

H3K9ac

H3K36me3

cl1

H3K27me3

H3

ZLD

cycle8 cycle 13 cycle 14

ZLD peaks
E U .

05 0 05 1.0
ZLD ~ HM correlation



https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

A B
1600, — promoter
(n=58)
== NON-promoter
1200, (n=358)
416 P
ZLD 1584 542  H3K27me3 g
(top 2000) 405 £ 800
9
™
-
400-
0 : : . .
-20000 -10000 0 10000 20000
c Distance from ZLD peaks (bp)

5kb

H3Kdmet | e e
nakzrmed | _anhab A oM o b i e

RNA_seq okl
RNA Polll
ke Oy S o
D
Hokamed | U UL TN -
H3K27me3 | b _ e ettt e et
2D | A , o
RNA_seq |
RNA Polll
= cG15374 B

olf413

Li - Figure 8


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

RNA Polll

H3K4me1 ™"

9000}

12000-]

Li - Figure 9

ZLD

H3

H3K4me1

H3K18ac

zld-

1
100 100 i
200 200
300 300
400 = = 400
500 500
600 600

-6k +6k -6k ZLD +6k

ZLD.  +6k

]



https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/006312; this version posted June 13, 2014. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

mitotic cycle

10
11
12
13
14A

14D

Li - Figure 10

aCC-BY 4.0 International license.

no Zelda site Zelda site

polycomb repressed

active chromatin

chromatin
no transcription factor transcription factor
binding binding


https://doi.org/10.1101/006312
http://creativecommons.org/licenses/by/4.0/

	Li_MZTHistoneMods_12June14
	Li-Figure1-EmbryoCollection
	Li-Figure2-ChromatinTrends
	Li-Figure3-BrowserTracks
	Li-Figure4-ExpressionGroups
	Li-Figure5-PromoterData
	Li-Figure6-EnhancerData
	Li-Figure7-ZLDCorrelations
	Li-Figure8-ZLDPolycomb
	Li-Figure9-ZLDglc
	Li-Figure10-Models

