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Abstract: Early development is punctuated by a series of pervasive and fast paced transitions.
These events reshape a differentiated oocyte into a totipotent embryo and allow it to gradually
mount a genetic program of its own, thereby framing a new organism. Specifically, developmental
transitions that ensure the maternal to embryonic control of developmental events entail a deep
remodeling of transcriptional and transcriptomic landscapes. Drosophila provides an elegant and
genetically tractable system to investigate these conserved changes at a dazzling developmental pace.
Here, we review recent studies applying emerging technologies such as ribosome profiling, in situ
Hi-C chromatin probing and live embryo RNA imaging to investigate the transcriptional dynamics
at play during Drosophila embryogenesis. In light of this new literature, we revisit the main models of
zygotic genome activation (ZGA). We also review the contributions played by zygotic transcription in
shaping embryogenesis and explore emerging concepts of processes such as transcriptional bursting
and transcriptional memory.
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1. Introduction

Early development unfolds through exquisitely coordinated and deeply conserved biological
transitions. Fertilization entails the remodeling of a differentiated oocyte into a totipotent embryo,
which involves profound genomic, transcriptomic and proteomic re-organization [1]. Early embryos
execute a dazzling proliferative push driven by maternally provided gene products to increase cell
number. The rapid pace of these early divisions, termed cleavage cycles, is achieved through copious
supplies of maternal cyclins, an abbreviated DNA replication execution and the absence of active
growth and mitotic checkpoints [2]. In most systems, zygotic nuclei remain transcriptionally silent
during this period. As embryogenesis proceeds, cell cycle duration progressively lengthens, reflecting
the gradual emergence of the DNA replication checkpoint and the increasing destabilization of
maternal cyclins [3] (Figure 1). Interphase lengthening broadly coincides with progressive zygotic
genome activation (ZGA), i.e., de novo expression of robust populations of functional transcripts [4–6].
New zygotic products gradually take over the pool of maternal RNAs, which undergo progressive
clearance through regulated degradation mechanisms [7–9] (Figure 1). The juxtaposition of ZGA and
maternal clearance gradually remodels the transcriptome, a process termed the maternal-to-zygotic
transition (MZT). The MZT ends at a key developmental time point called the midblastula transition
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(MBT), which typically involves a dramatic cascade of anatomical and physiological changes that are
dependent on zygotic transcription.
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Figure 1. Overview of morphologic and transcriptomic features of early embryonic development.
Comparative timescale of Bownes’ stages, nuclear divisions and histological organization as of
function of time after egg activation. The nucleocytoplasmic (N:C) ratio increases rapidly during
the cleavage cycles, driven by fast-paced mitotic cycles in absence of cytokinesis and growth of the
syncytium. The transcriptomic landscape that prevails during the first embryonic cycles reflects
maternally-deposited transcripts encoded in ovarian nurse cells and deposited in the oocyte before
egg activation. Zygotic genome activation (ZGA) begins in late preblastoderm embryos and leads
to the progressive accumulation of zygotic transcripts. Concomitantly, a large fraction of maternally
deposited RNAs undergo targeted degradation.

Drosophila and many arthropods display a facultative parthenogenetic mode of reproduction,
meaning that egg activation can take place independently of sperm entry, although this rarely
occurs. The egg-to-embryo transition is triggered by changes in pressure and osmotic balance
as the mature oocyte exits through the uterus [10,11]. Egg activation involves the completion of
meiosis and the initiation of fast-paced mitotic divisions, thereby setting the onset of embryogenesis.
In Drosophila, the first rounds of nuclear divisions arise every 9 min, leading to the formation of
6000 nuclei in only 2 h [2] (Foe and Alberts, 1983). To facilitate the rapid pace of these divisions and
the synchronization of mitotic entry, nuclear cycles (NC) take place within a single large syncytial
cell [12,13] (Figure 1). The first syncytial divisions are metasynchronous, and proceed under maternal
control, while zygotic nuclei remain largely transcriptionally quiescent [14,15].

During the interphase of NC8 and NC9, nuclei start migrating to the cortical periphery, forming
a syncytial blastoderm embryo [16]. This process coincides with gradual interphase lengthening,



J. Dev. Biol. 2018, 6, 5 3 of 21

reflecting increasing long periods of Cyclin-dependent kinase 1 (Cdk1) inhibition. With its cyclin
partners, Cdk1 acts as the chief regulator of cell cycle progression through the phosphorylation of
a wide range of protein targets, which notably mediate S phase initiation, spindle assembly and
sister chromatid alignment [2]. Cdk1 inhibition expands as the cytoplasmic pool of maternal cyclins,
notably String and Twine, is progressively depleted and as the DNA replication checkpoints emerge
(Figure 1). In hiatus during the first cycles, the checkpoint safeguards genome integrity by preventing
mitotic entry when single-stranded (ss)DNA is sensed, underlying incomplete replication or extensive
damage [17,18]. When the MBT takes place at NC13, interphase duration suddenly triples as mitotic
synchrony is lost and cortical nuclei secede from the syncytium to form a well-defined primordial
epithelium, a process termed cellularization [2]. En masse zygotic transcription ensues in cells now
endowed with motility and a susceptibility for apoptosis—new-found attributes that will play crucial
roles in gastrulation, neurulation and organogenesis [19,20].

Evolutionarily conserved features of the MZT have been well reviewed by Tadros and Lipsitz
(2009) and more recently by Langley and colleagues (2014). This exciting area of developmental biology
has further expanded over the last few years, along with our understanding of the complex cross-talks
resulting in the interrelated emergence of ZGA, checkpoint activation and cellularization. Indeed,
the deployment of disruptive technologies to track translation, probe chromosome conformation and
image single RNA molecules in Drosophila have revealed new insights into the organization of the
transcriptome during embryogenesis. Here, we focus on key findings established in recent years that
paint an increasingly resolved picture of transcriptome dynamics during early development. We first
review the changes in transcriptomic landscapes that take place as maternally-deposited transcripts
are selectively localized, translated and degraded. We discuss the different models proposed to
regulate the onset of zygotic transcription and focus on the remodeling of chromatin during early
embryogenesis. We then review the roles played by zygotic transcription in promoting cellularization,
maternal clearance and replication checkpoint activation. Finally, we outline novel properties of
zygotic transcription revealed by real-time, in vivo imaging, including transcriptional bursting and
transcriptional memory.

2. Deposition, Localization, Translation and Clearance of Maternal Transcripts

Early Drosophila development is driven by maternal proteins and RNA transcripts synthesized
by multiploid nurse cells and deposited in the egg during oogenesis [21,22]. Long before fertilization,
structural and biosynthetic factors such as ribosomal and glycolytic proteins are endowed in the
oocyte along with their corresponding mRNAs [23]. These factors will direct rapid mitotic cycling
and sustain DNA replication in early embryogenesis, while zygotic nuclei remain transcriptionally
quiescent. Maternal deposition is widespread: up to 65% of all annotated Drosophila mRNAs can be
detected during the first syncytial cycles [24–26]. Among these products, a set of maternal mRNAs
acquire spatially-resolved localization in the oocyte through a series of symmetry breaking events
during ovarian development. After egg activation, the asymmetric distributions of these transcripts,
notably bicoid, oskar and gurken, defines anteroposterior and dorsoventral axes, which will later
determine the body plan of the developing fly [27–29]. Aside from these classically-defined examples,
recent large-scale fluorescent in situ hybridization (FISH) surveys have demonstrated that subellular
localization is a pervasive feature of the Drosophila transcriptome. Indeed, detailed profiling of
RNA expression/localization features in fly oocytes and embryos, as tabulated in the Fly-FISH
(http://fly-fish.ccbr.utoronto.ca/) and Dresden Ovary Table/DOT (http://tomancak-srv1.mpi-cbg.
de/DOT/main.html) database repositories, revealed that the vast majority of mRNAs and long
non-coding RNAs are localized in a striking array of distribution patterns [24,30]. While these
studies underline the dynamic localization properties of both maternal and zygotic RNA populations,
the underlying regulatory mechanisms and functions for the most part remain to be characterized.

The transcriptomic landscape is highly dynamic during the cleavage cycles, as several RNA
degradation pathways operate to selectively remove large sets of deposited transcripts. Indeed,
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a study using chromosomal deletions to track the post-transcriptional dynamics of maternal and
zygotic transcripts has shown that approximately 35% of maternally-deposited mRNAs are cleared
out by the MBT [31]. Comparisons of degradation dynamics in unfertilized and fertilized embryos
have revealed the prevalence of at least two pathways. The early onset maternal pathway operates
independently of ZGA and accounts for the destabilization of approximately 20% of all mRNAs [8]
(Figure 2). This maternal degradation program reflects the coordinated activity of RNA-binding
proteins (RBPs) that associate with specific subsets of maternal transcripts and recruit the CCR4-NOT
deadenylase complex to initiate their degradation [32]. Maternal clearance is a highly-coordinated
process determined by the interplay of cis-acting motifs, generally found in the 3′UTR of the target
transcripts, and RBPs that adopt tightly regulated spatial and temporal distributions. Indeed,
mRNAs encoding the RBP Smaug (SMG) form an anterior-to-posterior gradient in the oocyte and
are translationally regulated at egg activation [33]. SMG activity peaks at NC10, enacting an elegant
spatial and temporal regulation of maternal clearance [32–34]. In addition, three RBPs, Pumilio (PUM),
Brain tumor (BRAT) and ME31B have more recently been shown to have non-overlapping roles in
mediating the decay of hundreds of maternal transcripts [35,36].

J. Dev. Biol. 2018, 6, x FOR PEER REVIEW  4 of 21 

 

have revealed the prevalence of at least two pathways. The early onset maternal pathway operates 

independently of ZGA and accounts for the destabilization of approximately 20% of all mRNAs [8] 

(Figure 2). This maternal degradation program reflects the coordinated activity of RNA-binding 

proteins (RBPs) that associate with specific subsets of maternal transcripts and recruit the CCR4-NOT 

deadenylase complex to initiate their degradation [32]. Maternal clearance is a highly-coordinated 

process determined by the interplay of cis-acting motifs, generally found in the 3′UTR of the target 

transcripts, and RBPs that adopt tightly regulated spatial and temporal distributions. Indeed, mRNAs 

encoding the RBP Smaug (SMG) form an anterior-to-posterior gradient in the oocyte and are 

translationally regulated at egg activation [33]. SMG activity peaks at NC10, enacting an elegant 

spatial and temporal regulation of maternal clearance [32–34]. In addition, three RBPs, Pumilio 

(PUM), Brain tumor (BRAT) and ME31B have more recently been shown to have non-overlapping 

roles in mediating the decay of hundreds of maternal transcripts [35,36]. 

 

Figure 2. Alternative degradation profiles of maternally-deposited transcripts. The clearance of 

maternally-deposited transcripts can proceed through a strictly maternal pathway, a strictly zygotic 

pathway or a combination of both maternal and zygotic effectors. Transcripts strictly targeted by the 

maternal pathway, such as nanos (nos) display identical dynamics in fertilized and activated eggs. The 

maternal RNA-binding proteins Smaug, Pumilio, Brat and/or ME31B selectively interact with these 

RNAs through a consensus motif and recruit the CCR4/POP2/NOT deadenylase complex to initiate 

their degradation. Transcripts targeted through the zygotic pathway include bicoid (bcd) and their 

degradation depends on the ZGA. Transcripts targeted through both maternal and zygotic 

degradation pathways include Hsp83 and their clearance relies on the activity of both maternally 

deposited and zygotically encoded factors. MAF: Minutes after fertilization. 

Strong evidence in zebrafish, Xenopus and mouse has long suggested that some of the zygotic 

actors involved in maternal clearance are microRNAs (miRNAs) [37]. Small-interfering RNAs are 

versatile regulators that can destabilize vast pools of mRNA targets [37,38]. In support of this model, 

SMG is required for the zygotic expression of the miR-309 family [39]. Among the miRNAs expressed 

during the MZT, over 70 exhibit compromised levels in smg mutants. In addition, Argonaute-1, a key 

component of the miRNA-induced silencing complex, showed decreased levels in smg mutants. 

Furthermore, the clearance of predicted maternal targets of SMG-dependent miRNAs is hampered 

in smg mutants, suggesting that these small RNAs contribute to the zygotic component of maternal 

mRNA degradation [39,40]. Because of the specificity and diversity of clearance pathways effective 

Figure 2. Alternative degradation profiles of maternally-deposited transcripts. The clearance of
maternally-deposited transcripts can proceed through a strictly maternal pathway, a strictly zygotic
pathway or a combination of both maternal and zygotic effectors. Transcripts strictly targeted by
the maternal pathway, such as nanos (nos) display identical dynamics in fertilized and activated eggs.
The maternal RNA-binding proteins Smaug, Pumilio, Brat and/or ME31B selectively interact with these
RNAs through a consensus motif and recruit the CCR4/POP2/NOT deadenylase complex to initiate
their degradation. Transcripts targeted through the zygotic pathway include bicoid (bcd) and their
degradation depends on the ZGA. Transcripts targeted through both maternal and zygotic degradation
pathways include Hsp83 and their clearance relies on the activity of both maternally deposited and
zygotically encoded factors. MAF: Minutes after fertilization.

Strong evidence in zebrafish, Xenopus and mouse has long suggested that some of the zygotic
actors involved in maternal clearance are microRNAs (miRNAs) [37]. Small-interfering RNAs are
versatile regulators that can destabilize vast pools of mRNA targets [37,38]. In support of this model,
SMG is required for the zygotic expression of the miR-309 family [39]. Among the miRNAs expressed
during the MZT, over 70 exhibit compromised levels in smg mutants. In addition, Argonaute-1,
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a key component of the miRNA-induced silencing complex, showed decreased levels in smg mutants.
Furthermore, the clearance of predicted maternal targets of SMG-dependent miRNAs is hampered
in smg mutants, suggesting that these small RNAs contribute to the zygotic component of maternal
mRNA degradation [39,40]. Because of the specificity and diversity of clearance pathways effective
during the MZT, the degradation kinetics of maternal transcripts exhibit striking diversity (Figure 3).
The abundance of transcripts strictly targeted by maternal degradation RBPs, such as nanos (nos),
starts declining linearly after egg activation. By contrast, targets of zygotic degradation effectors such as
bicoid (bcd) are untouched during the first cycles and their removal begins after ZGA. Finally, transcripts
targeted through both maternal and zygotic pathways include Hsp83 and adopt highly specific
degradation kinetics that reflect the contributions and levels of both maternal and zygotic factors.
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Figure 3. Developmental regulation of the PNG kinase coupled to cell cycle progression. In mature
oocytes arrested at metaphase of meiosis I, cyclinB-CDK1 dependent phospohorylation of GNU exerts
an inhibition of PNG complex assembly and activation. The completion of meiosis that follows egg
activation results in CDK1 inactivation, prompting the dephosphorylation of GNU. In meiosis II,
the accumulation of dephosphorylated GNU proteins leads to the spontaneous assembly of an active
PNG kinase complex, consisting of GNU, PNG and PLU. The PNG kinase regulates the translation of
hundreds of maternal mRNAs, including cycB and and smg. In addition, GNU protein degradation is
promoted by PNG activity, enacting a negative feedback loop that restricts the activity of the complex
to the temporal context of early embryonic development.

The execution of maternal clearance is tightly coupled to translational regulation of RBPs that
mediate mRNA degradation. Indeed, the levels of SMG depend on the PAN GU (PNG) Ser/Thr
kinase complex, a key translational regulator activated at the oocyte-to-embryo transition. The PNG
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complex is involved in reprogramming the proteome as the egg becomes an embryo by regulating
the translation of hundreds of maternal mRNAs (Figure 3). Its notable targets include cyclin B (cycB),
which encodes a key regulator of the embryonic cell cycle [41–43]. The complex consists of three
proteins, PNG, GNU and PLU. Mutations in any of these genes leads to a profound decrease in
Cyclin B protein levels, without affecting the corresponding mRNA levels. A recent study revealed
a feedback loop involved in the regulation of PNG activity by the Cyclin B/CDK1 complex at
the oocyte-to-embryo transition [44]. In mature oocytes, PNG activity is kept in check through
inhibitory CyclinB/CDK1-dependent phosphorylation of the GNU activating subunit, preventing
its association with PNG. Meiosis completion coincides with a decrease in CyclinB/CDK1 activity,
leading to GNU dephosphorylation, which can then activate the PNG kinase, unleashing its widespread
translational activation. However, sustained PNG kinase activity leads to a decrease in GNU levels,
providing a mechanism to end PNG kinase function after egg activation and restrict its activity to the
oocyte-to-embryo transition period (Figure 3).

In another study, ribosome profiling performed on mature oocytes and activated eggs derived
from png mutant mothers revealed compromised translational efficiencies in nearly 1000 mRNAs [45].
Surprisingly, it was found that translational upregulation poorly reflects on protein levels in fertilized
eggs, leading the authors to propose the existence of a “resetting” process in which enhanced
translation is counterbalanced by proteasomal degradation, perhaps enabling the removal of proteins
bearing oocyte-specific posttranslational modifications. Interestingly, this model is reminiscent of
the well-characterized MZT phenomenon that takes place later in embryogenesis, as many maternal
transcripts are degraded and subsequently expressed de novo from the zygotic genome [22].

Overall, spatiotemporal regulation enacted through mRNA localization and translation control
are key features of embryonic transitions. In the absence of large-scale zygotic transcription,
maternally deposited mRNAs and their regulated translation drive the developmental program
of early embryogenesis. These maternal transcripts are then selectively removed, a process relying
on the recognition of cis-acting motifs by maternal RBPs that are tightly regulated in time and space.
As zygotic transcription emerges, a second phase of maternal clearance unfolds through the activity of
zygotically expressed determinants (e.g., miRNAs and RBPs).

3. Models of Zygotic Genome Activation

As maternal clearance takes place during the cleavage cycles, the transcriptomic landscape
is remodeled and new populations of transcripts arise upon activation of the zygotic genome.
The mechanisms behind ZGA onset are poorly understood and remain an outstanding question
in developmental biology, although several models have been proposed [7] (Figure 4). Seminal work
involving the injection of plasmids in Xenopus embryos showed that early transcription is possible
prior to ZGA [46,47]. However, the expression of plasmid DNA is rapidly silenced and resumes at
the normal timing of transcription initiation. This observation suggests that the early zygotic genome
is transcriptionally competent and actively repressed during the cleavage cycles. Moreover, ZGA is
a gradual process and delineating its onset has remained challenging. Indeed, the emergence of the
first zygotic transcripts has long been associated with the acquisition of the syncytial blastoderm
morphology, at NC8. However, the detection of a small subset of zygotic genes before NC7, including
the transcription factor engrailed (en), has recently been reported in preblastoderm embryos, with key
implications in establishing the synchrony of early mitotic cycles [48]. Regardless of the exact onset of
their expression, the first zygotic products display a conserved tendency to encode few exons and their
length is shorter than maternally provided mRNAs [5]. In line with this observation, one hypothesis
is that transcription is systematically attempted during the first cleavage cycles but that nascent
transcripts are largely aborted, due to excessively fast cycling [7,15,46,49–51]. Hence, zygotic genes
may be shorter than populations contributed maternally because Pol II can complete their transcription
prior to an intervening mitotic entry [5,6].
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 Figure 4. Models of zygotic genome activation. Several models have been proposed to contribute to
ZGA. Each is supported by a set of empirical evidence (outlined under each cartoon) and these
different propositions likely contribute synergistically to the emergence of zygotic transcription.
Model I posits that early zygotic transcription is restricted due to the short duration of interphases
during early embryogenesis, effectively preventing the complete transcription of long genes. Model II
stipulates that zygotic transcription is prohibited during early embryogenesis due to the abundance of
a maternally-inherited transcriptional repressor. The titration of this repressor against the increasing
mass of zygotic nuclei would progressively lead to transcriptional competence. Model III proposes that
egg activation sets in a molecular clock, which times key events of the MZT, including ZGA. Model IV
postulates that chromatin is kept in a state that precludes transcription during early embryogenesis
and is progressively remodeled through active changes in its composition to promote gene expression.

One long-standing model posits that ZGA is triggered once a critical value of nucleocytoplasmic
(N/C) ratio is breached in the syncytium [2,4,15,52,53]. Indeed, the ratio of nuclei to cytoplasm
increases rapidly during early embryogenesis, as the nuclear count expands exponentially and the
volume of syncytial cytoplasm is kept constant due to growth inhibition. Tampering with this ratio by
constricting embryos and compounding or reducing chromosome size impacts the number of syncytial
divisions and the onset of cellularization [53]. It is thought that the increasing DNA mass titrates
a maternal factor required to sustain fast-paced proliferation, until its concentration has decreased
sufficiently to terminate the early cell cycle program. Similarly, a transcriptional repressor inherited
maternally could be embedded in chromatin and diluted as the mass of zygotic DNA increases.
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After a certain N/C threshold is breached, the concentration of this repressor would have sufficiently
decreased to allow zygotic transcription to take place. One enduring rival of the N/C proposition
has been called the “molecular clock” model; it proposes that egg activation sets a chronological
countdown that times MZT events, including ZGA [2,15]. A study comparing the onset of transcription
in haploid and diploid embryos, which differ markedly in N/C ratio, found little difference in the
expression dynamics of most zygotic genes, suggesting that the molecular clock model is the best
overall predictor of ZGA onset in Drosophila. Interestingly, the authors identified a small subset of
genes regulated in a N/C-dependent manner, suggesting that both models prevail, albeit at distinct
loci and frequencies [54]. Nevertheless, the molecular identity that senses the clock to activate zygotic
transcription independently of the N/C ratio remains elusive.

Hence, diverse mechanisms have been proposed to account for ZGA onset, each of which
is supported by empirical evidence [7]. How these different propositions converge to enact a
precise execution of genome activation remains elusive. The key to ZGA regulation might lie in
the reorganization of chromatin. Interestingly, a rapidly expanding literature is helping to define how
chromatin states relate to transcription in early embryos (Figures 4 and 5). 
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Figure 5. Developmental regulation of chromatin landscapes and genomic architecture. The histone H1
variant BigH1 is a constitutive chromatin component in the germline and in fertilized embryos until the
MBT. The acetylation marks H4K8ac, H3K18ac and H3K27ac appear at the ZGA and scale up with the
prevalence of zygotic transcription in syncytial embryos. By contrast, H3K9ac and H3K4me1/3 emerge
around the MBT. Nucleosome-free regions (NFR) are found upstream of maternally-deposited genes
throughout embryonic development but their appearance upstream of zygotic genes is concomitant
with their transcription. Endowed with pioneer transcription factor activity, the binding of Zelda (ZLD)
to its consensus sequence leads to local nucleosome depletion around NC10, exposing surrounding
enhancers to promote the recruitment of patterning transcription factors by NC14. Hi-C data shows
that chromatin is poorly organized prior to NC10. The emergence of intricate long-range interactions
emerges after ZGA, by NC14.
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4. Chromatin Rearrangements and Zygotic Genome Activation

Histone proteins are fundamental components of chromatin and developmentally-regulated
changes in their expression could have profound impacts on genome activation. Indeed, most
metazoans express tissue-specific variants of the linker histone H1 and the somatic H1 is often replaced
by a developmental variant during early embryogenesis [55,56]. In a recent article, Pérez-Montero
et al. identified the first H1 variant in Drosophila, called dBigH1, and demonstrate its involvement
in ZGA regulation [57]. Ubiquitous in preblastoderm and syncytial blastoderm embryos, dBigH1 is
progressively replaced by dH1 in somatic cells at the MBT, except in primordial germ cells (PGCs),
in which it is retained well after gastrulation (Figure 5). BigH100 mutants exhibit high embryonic
lethality and a range of developmental defects, including altered nuclear distributions and highly
asynchronous divisions. Interestingly, ChIP showed that Pol II is recruited to chromatin earlier in
BigH100 mutants than in wt embryos. In addition, zygotic mRNAs were more abundant in BigH100

mutants than in wt embryos 2h after fertilization. Together, these results show that BigH1, a novel
Drosophila variant of the linker histone, regulates ZGA onset and is removed from chromatin prior to
the MBT.

The histone code refers to a set of posttranslational modifications that modulate chromatin
compaction and the accessibility of DNA elements [58]. Changes in this epigenetic landscape likely
contribute to the emergence of zygotic transcription. In a recent study, Li et al. investigated the
genome-wide distribution of nine histone marks using staged embryo collections at NC8, NC12 and
NC14. Prior to ZGA (NC8), chromatin exists in a relatively simple state, lacking histone methylation
(me) and displaying low levels of histone acetylation (ac) or nucleosome free regions (NFRs), a hallmark
of transcriptional activity [59]. The acetylation marks H4K8ac, H3K18ac and H3K27ac appeared along
with transcription by NC12. By contrast, H3K9ac and the methylation marks H3K4me1, H3K4me3,
H3K27me3 and H3K36me3 are only apparent after the MBT, at NC14 (Figure 5). As reported by
previous studies, NFRs are prevalent upstream of maternally deposited genes even in absence
of zygotic transcription, suggesting that nucleosome depletion is stable across development [60].
To identify putative blastoderm enhancers, Li et al. calculated the cumulative binding of 16 early
transcription factors and examined the sites showing the highest cumulative occupation, excluding
known promoters and coding regions. They found that putative enhancers display relatively high
nucleosome density at NC8, with the appearance of acetylation marks by NC12 and H3K4me1 by early
NC14, whereas the repressive mark H3K27me3 only spreads in surrounding regions by late NC14
(Figure 5).

The factors that act between NC8 and NC14 to deplete enhancer-associated nucleosomes represent
major instigators of ZGA. Transcription factors (TFs) that can recognize their binding sites in a closed
chromatin context to promote chromatin remodeling are termed “pioneer TFs”. Several studies have
identified such pioneer activity for the Zn-finger transcription factor Zelda/Vielfaltig (ZLD/VFL),
a master regulator of early zygotic gene expression [61,62]. Indeed, ZLD is detected by NC2 in
syncytial embryos and its binding displays a striking correlation with the timing and magnitude of
early zygotic transcription [63]. ZLD has been shown to prime enhancers by lowering the nucleosome
barrier sufficiently to promote the accession of specific binding motifs by their associated TFs [64].
These observations suggest that ZLD may act as a global genome activator in Drosophila, like Nanog,
Pouf5f3 and SoxB1 in vertebrates [65,66]. Indeed, Li et al. found that nearly all the putative blastoderm
enhancers identified through cumulative TF binding at NC14 are already bound by ZLD at NC8.
Moreover, the ZLD consensus motif CAGGTAG was the single most enriched sequence associated to
the early enhancer marks H3K27ac, H3K18ac and H4K8ac. Finally, H3K4me1 was lost and H3K18ac
strongly compromised at ZLD-bound regions in embryos obtained from zld- germline clones. Overall,
Li et al. show that histone marks are depleted during the first cleavage cycles and emerge between NC8
and NC14. Importantly, ZLD is a pioneer TF of the MZT: it can bind its genomic sites in condensed
chromatin at NC8 and promote the recruitment of other factors that carry out profound chromatin
remodeling at the MBT [67,68].
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In addition to histone modifications, the three-dimensional folding of chromosomes can bring
distant genomic loci in close physical proximity, with profound impacts on gene expression [69].
Topologically associated domains (TADs) are regions of high contact probabilities that display
significant insulation from neighboring loci, enabling enhancer-promoter contacts and the coordination
of gene expression programs [70,71]. Chromosome conformation capture (3C), its adaptations (4C and
5C) and the recent genome-wide variant Hi-C can reveal TADs with increasing resolution. They have
been optimized in Drosophila embryos, enabling investigations into the developmental implications of
genome architecture [72–75]. Recently, Hug et al. performed Hi-C at time-points surrounding the ZGA
to determine when chromatin architecture is established during development and how its emergence
relates to the onset of zygotic transcription [76]. NC8 embryos display poorly organized chromatin,
exhibiting broadly uniform contact probabilities through large genomic distances. By contrast, NC13,
NC14 and gastrula embryos revealed increasingly strong enrichments of chromatin associations within
TADs and sharply declining contact frequencies with the loci surrounding TADs. This picture suggests
that chromatin architecture is rapidly remodeled from an unordered state in preblastoderm embryos
to a structured organization by NC14 (Figure 5). These boundaries are tightly maintained in later-stage
embryos and in Kc167 cells, consistent with highly stable TAD boundaries described in other models
(Dixon et al., 2012).

ChIP-seq revealed a strong dose-dependent correlation between Pol II occupancy and TAD
boundary-like regions, especially at housekeeping genes and across developmental stages. Analysis
of the early zygotic Bsg25/Elba3 locus, which is switched off before gastrulation, showed that loss
of Pol II occupancy at NC14 coincides with the loss of its boundary-like structure [77]. Together,
these results suggest that Pol II binding contributes to chromatin conformation reorganization. To test
the role of transcription, Hug et al. injected NC8 embryos with the Pol II inhibitors α-amanitin and
triptolide before performing Hi-C to examine chromatin architecture at the MBT. Inter-TAD insulation
was compromised at NC14, as well as the co-localization of housekeeping gene boundaries, although
extensive long-distance contacts were still prevalent independent of transcription. ZLD occupancy
showed striking correlations with TAD boundaries by NC12, hinting at a potential role in their
establishment. To explore this hypothesis, Hug et al. performed in situ Hi-C on NC14 zld- embryos,
which revealed a loss of insulation of TAD-boundaries at strong ZLD sites, especially at boundaries
established in early cycles. Collectively, Hug et al. provide strong evidence that the establishment of
long-range interactions broadly coincide with ZGA. Although transcription is not required for the
emergence of chromatin conformation, loci transcribed early act as nucleation sites and contribute
to the establishment of TAD boundaries. Similarly, ZLD binding contribute significantly to TAD
boundary insulation, consistent with ZLD roles as global activator of the zygotic genome.

In brief, ZGA coincides with a profound reorganization of chromatin. Prior to NC8,
chromatin exhibits a simple and disorganized state, with few histone modifications, NFRs or TADs.
The germline-specific histone variant dBigH1 is embedded in chromatin, possibly contributing to its
transcriptional silencing. Through pioneer TF activity, factors such as ZLD disrupt the nucleosome
barrier between NC8 and NC12 to expose zygotic enhancers and promote the transcription of their
target genes. Concomitantly, the activating histone marks H4K8ac, H3K18ac and H3K27ac appear
and TADs emerge. By the MBT, dBigH1 has been replaced by histone H1, long-range interactions
have gained complexity and stability and the histone marks H3K4me1, H3K4me3, H3K27me3 and
H3K36me3 are established.

5. ZGA as a Driver of Embryonic Development

After its emergence, zygotic transcription becomes a major driver of embryonic development.
Its contribution is twofold: zygotic products directly enact important functions, notably transcription
factors that reshape the developmental program and miRNAs that contribute to maternal clearance.
In addition, the process of transcription itself seems to mediate changes in the biology of the embryo.
Indeed, active transcription can expose ssDNA and may cause replication stalling when facing a
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replication fork. These processes have recently been linked to the activation of the DNA replication
checkpoint before the MBT. Indeed, studies taking advantage of mutants with impaired ZGA have
revealed that transcription contributes to maternal clearance and determines the onset of cellularization
and replication checkpoint activation.

Sung et al. characterized a fly model exhibiting a point mutation in the 3′ untranslated region
(3′UTR) of the RNPII215 gene, which encodes the large subunit of Pol II [78]. These mutants,
termed X161 embryos, undergo premature zygotic transcription onset, providing an appealing model
to investigate the complex relationships between zygotic transcription and other key events of the MBT
(Figure 6). Interestingly, X161 embryos terminate the syncytial stage after the completion of 12 NC
rather than 13 NC, suggesting that interfering with ZGA onset impacts the timing of cellularization.
To confirm this observation, Sung et al. considered mutants for the master transcription factor Zelda
(ZLD), which fail to transcribe a broad set of early zygotic genes. They found that X161 zld double
mutants all undergo 13 syncytial NCs, like wt embryos. Since ZLD loss-of-function rescues the
premature transcription phenotype of X161 mutants, a normal number of syncytial cycles in X161
zld double mutants suggests that early transcription causes the precocious cellularization phenotype
of X161 single mutants. In addition, Sung et al. used the X161 model to test the contribution of the
nucleocytoplasmic ratio on cellularization. Haploid X161 embryos, which present a lowered N/C
ratio, underwent only 12 NC, the same number as diploid X161 mutants. This result suggests that the
N/C ratio acts independently of ZGA and does not directly regulate the onset of cellularization in
Drosophila. Together, these experiments provide strong evidence that the onset of zygotic transcription
times key events of early embryonic development.

As discussed earlier, maternal clearance is a complex process relying on factors contributed
maternally and on the expression of zygotic products. Sung et al. surveyed the levels of three canonical
targets of maternal clearance, string, twine and smaug in X161 mutants to monitor the impact of
ZGA onset on maternal clearance. They found that the degradation of these maternal transcripts,
which starts during the 14th interphase in wt embryos, is already well advanced by NC13 in X161
embryos, in agreement with reports of a zygotic contribution to maternal clearance. The authors also
found that premature ZGA leads to a precocious requirement for a functional replication checkpoint.
Checkpoint activation pauses M phase entry until the completion of DNA replication to safeguard
genome integrity. Its emergence is a gradual process completed at the MBT. The Ser/Thr kinase Chk1,
encoded by the Drosophila gene grapes (grp), is a key component of the DNA damage response (DDR),
signal transduction cascades that sense DNA lesions to halt mitotic entry [17,79]. Chk1 activity is
required for progression through the MBT and its loss leads to genomic instability exemplified by
chromatin defects and embryonic lethality. Chk1 activity is dispensable prior to NC13, but necessary
around the MBT, when its loss leads to the apparition of genotoxic lesions. Therefore, the requirement
for Chk1 activity can be used as a proxy to score the onset of checkpoint activation. Sung et al. found
that X161 grp double mutants display nuclear envelope and chromatin condensation defects by the
13th interphase, one cycle earlier than grp single mutants, supporting a role of transcription in the
onset of the DNA replication checkpoint activation.

Interestingly, the nuclear retention of zygotic transcripts has been identified as a new facet
of the DDR during early embryogenesis. Indeed, Iampietro et al. showed that syncytial-stage
embryos challenged with genotoxic stress undergo extensive nuclear fallout at the MBT, a mechanism
of programmed elimination [18]. The authors showed that fallout nuclei display widespread
nuclear retention of diverse zygotic transcripts, including histone mRNAs. The nuclear retention
of histone mRNAs is linked to a Chk2-mediated phosphorylation of the stem loop binding protein
(SLBP), which orchestrates the posttranscriptional processing and nuclear export of histone mRNAs.
In turn, the nuclear retention of essential mRNAs such as histones leads to a local depletion of their
corresponding proteins in the vicinity of damaged nuclei, promoting their fallout and elimination from
the somatic pool. Prior to the establishment of a robust DNA replication checkpoint, the propensity
of syncytial embryos to the accumulation of DNA lesion is thus mitigated through a Chk2-mediated
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nuclear fallout process that relies on the nuclear retention of essential mRNAs. These results
reveal a novel role of posttranscriptional transport routes in ensuring genome integrity surveillance
during embryogenesis.J. Dev. Biol. 2018, 6, x FOR PEER REVIEW  12 of 21 
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Figure 6. Zygotic genome activation times the onset of the DNA replication checkpoint, maternal
clearance and cellularization. X161 mutants display premature zygotic transcription due to a point
mutation in the RNPII215 gene, which encodes a subunit of Pol II. This disruption leads to premature
cellularization, which is rescued by altering transcription in X161 zld double mutants. Precocious
transcription also leads to an early deployment of maternal clearance, exemplified by the premature
degradation of the maternal transcripts string, twine and smaug. In addition, early ZGA leads to a
premature activation of the replication checkpoint, as inferred from a precipitate requirement for
Chk1/grp activity. None of these phenotypes are rescued in haploid X161 embryos, which exhibit a
decreased N/C ratio, meaning that the N/C ratio does not act upstream of transcription activation in
the regulation of cellularization, maternal clearance and checkpoint activation.

Blythe and Wieschaus provided further evidence of the interplay between zygotic transcription
and replication checkpoint activation. These authors found that checkpoint activation correlates with
the amount of DNA engaged by Pol II, independently of the N/C ratio [80,81]. Through ChIP-seq
analyses, then found that Pol II distributions are not severely impaired in grp mutants, with widespread
genomic occupancy at NC12, NC13 and NC14. This result suggests that the transcriptional machinery
is in place independently of the functionality of the replication checkpoint. To investigate the links
between checkpoint activation and ZGA at the molecular level, the authors took advantage of RPA70,
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an important effector of the DDR. RPA70 binds stress-induced ssDNA produced when replication
is stalled, leading to ATR (mei-41) recruitment and checkpoint activation. Assessment of RPA70
occupancy through fluorescent microscopy and ChIP-seq revealed a strong correlation with Pol II
binding sites, consistent with the hypothesis that Pol II engagement activates the checkpoint at the MBT.
In zld- mutants, ChIP-seq analyses revealed altered RPA70 occupancy at zld-dependent promoters.
This result suggests that transcription contributes to checkpoint activation.

To test this hypothesis, the authors attempted to rescue the lethality phenotype associated to
mutations in the DDR factor ATR by altering ZGA through different approaches. They showed that
most embryos from double zld mei-41 (ATR) mutants complete cleavage cycles and that many escape
the mitotic catastrophe that characterizes mei-41 mutants. In addition to the zld- model, they used
a heterozygous deficiency in the transcriptional activator Trithorax-like/GAGA (Trl), associated to
defects in the genomic recruitment of poised Pol II, to interfere with ZGA. They found that mei-41;
Df(3L)ED4545/+ (Df(trl)/+) embryos complete cleavage cycles without a mitotic catastrophe after a
slightly lengthened NC13 and eventually yield hatching larvae. In addition, heterozygosity of the
cyclin B gene (Df(cycB)/+), which lengthens NC13 time, effectively suppressed the mitotic catastrophe
of mei-41 mutants. Together, these rescue experiments show that reducing the source of replication
stalling by interfering with transcription (in zld and Trl mutants) and providing more time to allow
DNA replication (in cycB mutants) can bypass the MBT requirement for a functional replication
checkpoint. In conjunction with evidence of RPA70 colocalization with the transcriptional machinery,
these results strongly suggest that the replication checkpoint is activated in response to ZGA.

In brief, recent studies have used loss-of-function analyses to reveal the contributions of ZGA
to key facets of embryonic development. Mutants exhibiting a premature ZGA undergo early
cellularization, promptly enact maternal clearance and acquire a precocious requirement for effectors
of the DDR. These effects are independent of the N/C ratio and can be rescued by modulating zygotic
transcription. Moreover, effectors of the DDR are recruited to chromatin at Pol II occupied loci after
ZGA and interfering with the scope of zygotic transcription can bypass the requirement for a functional
checkpoint. In addition, DNA damage elicits a Chk2-dependent clearance of damaged nuclei in
syncytial embryos through the nuclear retention of essential mRNAs, providing an elegant mechanism
to safeguard genome integrity prior to the establishment of a robust DNA replication checkpoint.

6. Emerging Properties of Zygotic Transcription

While zygotic transcription drives key events of embryonic development, the properties and
dynamics of the emerging transcriptional process itself have been challenging to study. The advent of
approaches enabling RNA labeling in vivo and in real time has provided a clearer picture of zygotic
transcription. Originally developed by Singer and colleagues in yeast, the MS2 system takes advantage
of the strong affinity of bacteriophage coat proteins (e.g., MS2, PP7) for specific RNA stem-loops [82].
For imaging purposes, MS2 phage coat protein fused to a fluorescent reporter (e.g., GFP, mCherry) are
co-expressed in a transgenic organism along with an RNA fusion that encompasses the target transcript
and MS2 stem-loop repeats (Figure 7). Stable tethering of the coat fusion protein allows for durable
tracking of the target RNA, which can be expressed in its endogenous regulatory context to recapitulate
physiological properties [83]. Over the last decade, several groups have harnessed the power of the
MS2 imaging system to study RNA dynamics and localization during Drosophila development [84–89]
This system has notably been used to investigate the dynamics of transcriptional bursting, calculate
Pol II elongation rate at the MBT and monitor post-mitotic transcriptional reactivation.

Quantitative RNA detection methods suggest that transcriptional bursting is a key property of
gene expression in diverse systems [90,91]. The term “bursting” refers to the episodic, discontinuous
emergence of nascent transcripts at Pol II-bound loci. To investigate the links between enhancer
control and transcriptional bursting at the MBT, Fukaya et al. placed well characterized enhancers
upstream and downstream of reporter genes flanked by MS2 and PP7 stem loops [92]. They performed
live-embryo imaging of the MS2-yellow reporter containing different snail (sna) enhancers of varying
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strength, along with its proximal promoter in different configurations. They observed major differences
in bursting frequencies produced by the sna primary enhancer and by its shadow enhancer, a redundant
regulatory sequence, which were correlated to the discrepancy in total RNA outputs. This analysis
was extended to the rhomboid (rho), Krüppel; (Kr) and Abdominal-B (Abd-B) enhancers. By testing a set of
conditions, Fukaya et al. showed that differential core promoter, distal enhancer and anteroposterior
gradient positioning all affect bursting frequency, in line with discrepancies in total RNA outputs.
Thus, Fukaya et al. identified the regulation of transcriptional bursting frequency as a key determinant
of developmental gene activity at the MBT.
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Figure 7. Real-time imaging of zygotic transcription enables the determination of Pol II elongation
rate and demonstrates transcriptional memory at NC14. (A) Fukaya et al. used a dual fluorescence
approach involving the MS2 system to measure Pol II elongation rates at NC13. They integrated a
construct encompassing a lacZ reporter flanked by 24 MS2 repeats at its 5′ end and 24 PP7 repeats
at the 3′ end. Its expression in conjunction with the MCP-GFP and mCherry-PP7 coat proteins leads
to the emission of dual green and red fluorescence. By measuring the delay between the emission of
the green and red signals at the single molecule level, the time required to transcribe the intervening
lacZ sequence can be determined. This value is then used to calculate the elongation rate of Pol II.
(B) Ferraro et al. provided evidence of transcriptional memory by monitoring post-mitotic reactivation.
Sensitized transgenes were used to obtain sporadic expression of the yellow reporter downstream
of 24 MS2 repeats. They tracked expression during NC13 and NC14 in a lineage-specific manner.
After mitosis, the authors found that the daughter of nuclei having expressed the reporter during
NC13 where four times more likely to re-express it rapidly. This result indicates that transcription prior
to mitosis increases the chance and rapidity of re-expression across cell generations, a phenomenon
termed transcriptional memory.

Puzzling disparities have long prevailed between reported rates of Pol II elongation (1.1–1.5
kb/min) and robust detection of several long de novo transcripts before the MBT [14,93]. Indeed,
established elongation rates cannot account for the zygotic transcription of the 22 kb-long unit of Short
gastrulation (sog) in NC13, when the time window permissive to transcription is narrowly restricted
by a hasty interphase (10–12 min). Fukaya et al. solved this long-lasting paradox by revisiting Pol II
elongation rates in early embryogenesis using dual-fluorescence through the MS2 imaging system [94]
(Figure 7A). They measured an elongation rate of 2.4 kb/min, nearly twice that of previous estimates.
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This figure is compatible with endogenous sog transcription during the 13th interphase. In addition,
they found that replacing the promoter or introducing a reporter containing an intron had little
impact on elongation rate measurements, suggesting that elongation is not the rate-limiting step
in transcription.

The inheritance of transcriptional states from mother to daughter cells, termed transcriptional
memory, has been documented in the amoeba Dictyostelium [95,96]. In a recent study, Ferraro et al.
monitored post-mitotic transcriptional reactivation of stochastically expressed transgenes using the
MS2 imaging system [97]. This work provided the first evidence that transcriptional memory prevails
at the massive wave of zygotic expression between the 13th and the 14th division. The authors
used sensitized transgenes exhibiting patterns of sporadic expression to individually image the
behavior of single cell lineages (Figure 7B). Daughter cells derived from nuclei that expressed the
transgene during NC13, called memory mothers, were four times more likely to show early reactivation
during NC14 interphase than daughters arising from non-memory mothers. Quantitative analyses
of average fluorescence intensities revealed that memory nuclei produce, on average, two-fold more
total mRNA than non-memory nuclei during NC14. These results provide strong evidence that
transcriptional memory prevails during Drosophila MBT and impacts total RNA output, likely through
modifications incurred at the level of nucleosomes, bound TFs or histone modifications following
a first round of transcription. Ferraro et al. envision this emerging property of early transcription as a
mechanism of developmental homeostasis, which could help ensure that cells retain the properties of
their progenitors.

In brief, the recent deployment of in vivo imaging to document the transcriptional process in
real time has revealed new insights into the dynamics of zygotic transcription. In vivo imaging has
established the notion of transcriptional bursting, and shown that total gene-specific outputs at ZGA
reflect the frequency of transcriptional bursts. It has enabled the revision of Pol II elongation rate
at the MBT, reconciling the expression of lengthy genes such as sog with a short NC13 interphase.
Quantitative imaging also showed that transcriptional memory prevails in Drosophila embryogenesis,
promoting the rapid post-mitotic re-activation of sequences expressed during NC13, which likely
contributes to developmental homeostasis.

7. Conclusions

In this review, we aimed to provide an overview of recent findings relevant to the transcriptome
dynamics of early Drosophila development. Maternal control is essential in syncytial-stage embryos to
sustain fast-paced proliferation in absence of a sizeable transcriptional output. Thus, we discussed the
processes of RNA maternal deposition, localization and targeted clearance. Indeed, Drosophila embryos
host a wealth of complex posttranscriptional regulatory processes. The spatiotemporal dosage of RBPs
such as SMG reflect translational fine-tuning which, in turn, modulates the dynamics of hundreds
of maternal mRNAs. RNA localization is highly prevalent in the large syncytial embryo and likely
plays key roles in orchestrating the developmental program. Indeed, protein-coding transcripts adopt
a large diversity of spatial distributions in early embryos, including subembryonic and exclusionary
patterns, asymmetric anteroposterior localization and more resolved patterns such as membrane,
microtubule or mitotic apparatus associations [24]. In many cases, the functional relevance of these
mRNA localization events remains untapped, and awaits further characterization. Indeed, the fly
model represents a powerful system to further dissect the cis- and trans-determinants regulating RNA
localization events.

Maternal control is gradually met with an increasing contribution of the zygotic genome, as it
progressively acquires transcriptional competence. The mechanisms accounting for ZGA onset are
multifaceted and their underpinnings remain unclear. As the N/C ratio increases, a maternal factor
responsible for transcriptional quiescence could be diluted against the mass of DNA, loosening
the efficiency of the repression. Studies in Xenopus have identified maternal histone as putative
transcriptional repressors [98]. In line with this finding, a recently identified linker H1 variant, dBigH1,
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has been associated to transcriptional quiescence. Indeed, dBigH1 is cleared out prior to the MBT and
big1 mutants show signs of disorganized chromatin and early zygotic transcription. Nevertheless,
we know that the repressor titration model is not sufficient to account for the transcriptional silence of
the zygotic genome in Drosophila. Indeed, most zygotic transcripts display similar expression kinetics
in haploid and diploid embryos, which present very different N/C ratios [54]. This observation points
to the molecular clock model, which proposes that egg activation sets a timer in motion to eventually
trigger ZGA. One possible interpretation is that maternally contributed transcripts encoding pioneer
TFs such as ZLD require time to be translated and accumulate sufficiently before pioneer activity has
reached a level amenable to widespread ZGA. Together, a molecular clock set at egg activation and the
rapid increase in nucleocytoplasmic ratio likely converge to exert changes in the structure of zygotic
chromatin. Specific loci may exhibit enhanced sensitivity to pioneer TF activity. In addition, titration
of the maternal repressor may not occur at a homogeneous rate across the genome. Such effects
could account for the gradual nature of ZGA and explain why only a subset of zygotic genes display
N/C-dependent expression dynamics.

Independently of its underlying mechanisms, once it has been triggered, zygotic transcription
contributes to shaping a complex genome topology before the MBT, which largely remains in place
throughout the life of the fly. After NC10, the growing population of transcripts produced by cortical
nuclei play key roles in driving the course of development through the MBT. The transcriptional
process itself exposes ssDNA and triggers the activation of the DNA replication checkpoint, possibly
through the formation of stalled replication forks. Cellularization onset is linked to ZGA timing
and it coincides with the loss of mitotic synchrony and the expression of additional zygotic genes.
Real-time imaging has revealed that zygotic transcription proceeds as bursts, with the frequency of
bursting events linked to its total RNA output. An example of transcriptional memory in Drosophila,
the preferential post-mitotic reactivation of loci transcribed at NC13 has been demonstrated through
this approach. In addition, embryonic Pol II elongation rates have been revised via the development of
a dual fluorescence system. The deployment of real-time, in vivo RNA labeling to study transcription
in Drosophila is still very recent. Future applications will likely contribute to clarify how ZGA is
triggered. Indeed, important insights could be revealed by monitoring transcription in mutants
of specific chromatin components, such as bigH1, or pioneer TFs, such as zld. This technology can
notably reveal transcriptional dynamics at the single cell level, a sizeable advantage when investigating
heterogeneous and multifaceted responses such as ZGA.

Acknowledgments: This work was supported by grants from the Canadian Institutes of Health Research (CIHR;
MOP-111161) and Natural Sciences and Engineering Research Council of Canada (NSERC; Discovery Grant
#386644), as well as a Junior 2 research scholar of the Fonds de Recherche du Québec-Santé (FRQS) to E.L., F.A.L.
is funded by a Frederick Banting and Charles Best Canada Graduate Scholarship from CIHR.

References

1. Von Stetina, J.R.; Orr-Weaver, T.L. Developmental control of oocyte maturation and egg activation in
metazoan models. Cold Spring Harb. Perspect. Biol. 2011, 3, a005553. [CrossRef] [PubMed]

2. Farrell, J.A.; O’Farrell, P.H. From egg to gastrula: how the cell cycle is remodeled during the Drosophila
mid-blastula transition. Annu. Rev. Genet. 2014, 48, 269–294. [CrossRef] [PubMed]

3. Shermoen, A.W.; McCleland, M.L.; O’Farrell, P.H. Developmental control of late replication and S phase
length. Curr. Biol. 2010, 20, 2067–2077. [CrossRef] [PubMed]

4. Pritchard, D.K.; Schubiger, G. Activation of transcription in Drosophila embryos is a gradual process
mediated by the nucleocytoplasmic ratio. Genes Dev. 1996, 10, 1131–1142. [CrossRef] [PubMed]

5. Heyn, P.; Kircher, M.; Dahl, A.; Kelso, J.; Tomancak, P.; Kalinka, A.T.; Neugebauer, K.M. The earliest
transcribed zygotic genes are short, newly evolved, and different across species. Cell Rep. 2014, 6, 285–292.
[CrossRef] [PubMed]

6. Heyn, P.; Neugebauer, K.M. Purification of Zygotically Transcribed RNA through Metabolic Labeling of
Early Zebrafish Embryos. Methods Mol. Biol. 2017, 1605, 121–131. [PubMed]

http://dx.doi.org/10.1101/cshperspect.a005553
http://www.ncbi.nlm.nih.gov/pubmed/21709181
http://dx.doi.org/10.1146/annurev-genet-111212-133531
http://www.ncbi.nlm.nih.gov/pubmed/25195504
http://dx.doi.org/10.1016/j.cub.2010.10.021
http://www.ncbi.nlm.nih.gov/pubmed/21074439
http://dx.doi.org/10.1101/gad.10.9.1131
http://www.ncbi.nlm.nih.gov/pubmed/8654928
http://dx.doi.org/10.1016/j.celrep.2013.12.030
http://www.ncbi.nlm.nih.gov/pubmed/24440719
http://www.ncbi.nlm.nih.gov/pubmed/28456961


J. Dev. Biol. 2018, 6, 5 17 of 21

7. Palfy, M.; Joseph, S.R.; Vastenhouw, N.L. The timing of zygotic genome activation. Curr. Opin. Genet. Dev.
2017, 43, 53–60. [CrossRef] [PubMed]

8. Bashirullah, A.; Halsell, S.R.; Cooperstock, R.L.; Kloc, M.; Karaiskakis, A.; Fisher, W.W.; Fu, W.; Hamilton, J.K.;
Etkin, L.D.; Lipshitz, H.D. Joint action of two RNA degradation pathways controls the timing of maternal
transcript elimination at the midblastula transition in Drosophila melanogaster. EMBO J. 1999, 18, 2610–2620.
[CrossRef] [PubMed]

9. Tadros, W.; Lipshitz, H.D. The maternal-to-zygotic transition: a play in two acts. Development 2009, 136,
3033–3042. [CrossRef] [PubMed]

10. Riparbelli, M.G.; Gottardo, M.; Callaini, G. Parthenogenesis in Insects: The Centriole Renaissance.
Results Probl. Cell Differ. 2017, 63, 435–479. [PubMed]

11. Van der Kooi, C.J.; Schwander, T. Parthenogenesis: Birth of a new lineage or reproductive accident? Curr. Biol.
2015, 25, R659–R661. [CrossRef] [PubMed]

12. Rabinowitz, M. Studies on the Cytology and Early Embryology of the Egg of Drosophila Melanogaster.
J. Morphol. 1941. [CrossRef]

13. Deneke, V.E.; Melbinger, A.; Vergassola, M.; Di Talia, S. Waves of Cdk1 Activity in S Phase Synchronize the
Cell Cycle in Drosophila Embryos. Dev. Cell 2016, 38, 399–412. [CrossRef] [PubMed]

14. Shermoen, A.W.; O’Farrell, P.H. Progression of the cell cycle through mitosis leads to abortion of nascent
transcripts. Cell 1991, 67, 303–310. [CrossRef]

15. Langley, A.R.; Smith, J.C.; Stemple, D.L.; Harvey, S.A. New insights into the maternal to zygotic transition.
Development 2014, 141, 3834–3841. [CrossRef] [PubMed]

16. Fogarty, P.; Campbell, S.D.; Abu-Shumays, R.; Phalle, B.S.; Yu, K.R.; Uy, G.L.; Goldberg, M.L.; Sullivan, W.
The Drosophila grapes gene is related to checkpoint gene chk1/rad27 and is required for late syncytial
division fidelity. Curr. Biol. 1997, 7, 418–426. [CrossRef]

17. Sibon, O.C.; Stevenson, V.A.; Theurkauf, W.E. DNA-replication checkpoint control at the Drosophila
midblastula transition. Nature 1997, 388, 93–97. [CrossRef] [PubMed]

18. Iampietro, C.; Bergalet, J.; Wang, X.; Cody, N.A.; Chin, A.; Lefebvre, F.A.; Douziech, M.; Krause, H.M.;
Lecuyer, E. Developmentally regulated elimination of damaged nuclei involves a Chk2-dependent
mechanism of mRNA nuclear retention. Dev. Cell 2014, 29, 468–481. [CrossRef] [PubMed]

19. O’Farrell, P.H.; Stumpff, J.; Su, T.T. Embryonic cleavage cycles: How is a mouse like a fly? Curr. Biol. 2004,
14, R35–R45. [CrossRef] [PubMed]

20. Stack, J.H.; Newport, J.W. Developmentally regulated activation of apoptosis early in Xenopus gastrulation
results in cyclin A degradation during interphase of the cell cycle. Development 1997, 124, 3185–3195.
[PubMed]

21. Marlow, F.L. Maternal Control of Development in Vertebrates: My Mother Made Me Do It! Morgan & Claypool
Life Sciences: San Rafael, CA, USA, 2010.

22. Tadros, W.; Lipshitz, H.D. Setting the stage for development: mRNA translation and stability during oocyte
maturation and egg activation in Drosophila. Dev. Dyn. 2005, 232, 593–608. [CrossRef] [PubMed]

23. Ding, D.; Lipshitz, H.D. A molecular screen for polar-localised maternal RNAs in the early embryo of
Drosophila. Zygote 1993, 1, 257–271. [CrossRef] [PubMed]

24. Lecuyer, E.; Yoshida, H.; Parthasarathy, N.; Alm, C.; Babak, T.; Cerovina, T.; Hughes, T.R.; Tomancak, P.;
Krause, H.M. Global analysis of mRNA localization reveals a prominent role in organizing cellular
architecture and function. Cell 2007, 131, 174–187. [CrossRef] [PubMed]

25. Lefebvre, F.A.; Benoit Bouvrette, L.P.; Bergalet, J.; Lecuyer, E. Biochemical Fractionation of Time-Resolved
Drosophila Embryos Reveals Similar Transcriptomic Alterations in Replication Checkpoint and Histone
mRNA Processing Mutants. J. Mol. Biol. 2017, 21, 3264–3279. [CrossRef] [PubMed]

26. Lefebvre, F.A.; Bouvrette, L.P.B.; Bergalet, J.; Lecuyer, E. Data for the generation of RNA spatiotemporal
distributions and interpretation of Chk1 and SLBP protein depletion phenotypes during Drosophila
embryogenesis. Data Brief 2017, 13, 28–31. [CrossRef] [PubMed]

27. Johnstone, O.; Lasko, P. Translational regulation and RNA localization in Drosophila oocytes and embryos.
Annu. Rev. Genet. 2001, 35, 365–406. [CrossRef] [PubMed]

28. Martin, K.C.; Ephrussi, A. mRNA localization: Gene expression in the spatial dimension. Cell 2009, 136,
719–730. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.gde.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28088031
http://dx.doi.org/10.1093/emboj/18.9.2610
http://www.ncbi.nlm.nih.gov/pubmed/10228172
http://dx.doi.org/10.1242/dev.033183
http://www.ncbi.nlm.nih.gov/pubmed/19700615
http://www.ncbi.nlm.nih.gov/pubmed/28779329
http://dx.doi.org/10.1016/j.cub.2015.06.055
http://www.ncbi.nlm.nih.gov/pubmed/26241141
http://dx.doi.org/10.1002/jmor.1050690102
http://dx.doi.org/10.1016/j.devcel.2016.07.023
http://www.ncbi.nlm.nih.gov/pubmed/27554859
http://dx.doi.org/10.1016/0092-8674(91)90182-X
http://dx.doi.org/10.1242/dev.102368
http://www.ncbi.nlm.nih.gov/pubmed/25294937
http://dx.doi.org/10.1016/S0960-9822(06)00189-8
http://dx.doi.org/10.1038/40439
http://www.ncbi.nlm.nih.gov/pubmed/9214509
http://dx.doi.org/10.1016/j.devcel.2014.03.025
http://www.ncbi.nlm.nih.gov/pubmed/24835465
http://dx.doi.org/10.1016/j.cub.2003.12.022
http://www.ncbi.nlm.nih.gov/pubmed/14711435
http://www.ncbi.nlm.nih.gov/pubmed/9272959
http://dx.doi.org/10.1002/dvdy.20297
http://www.ncbi.nlm.nih.gov/pubmed/15704150
http://dx.doi.org/10.1017/S0967199400001544
http://www.ncbi.nlm.nih.gov/pubmed/7521745
http://dx.doi.org/10.1016/j.cell.2007.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17923096
http://dx.doi.org/10.1016/j.jmb.2017.01.022
http://www.ncbi.nlm.nih.gov/pubmed/28167048
http://dx.doi.org/10.1016/j.dib.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28560279
http://dx.doi.org/10.1146/annurev.genet.35.102401.090756
http://www.ncbi.nlm.nih.gov/pubmed/11700288
http://dx.doi.org/10.1016/j.cell.2009.01.044
http://www.ncbi.nlm.nih.gov/pubmed/19239891


J. Dev. Biol. 2018, 6, 5 18 of 21

29. Roth, S.; Lynch, J.A. Symmetry breaking during Drosophila oogenesis. Cold Spring Harb. Perspect. Biol. 2009,
1, a001891. [CrossRef] [PubMed]

30. Jambor, H.; Surendranath, V.; Kalinka, A.T.; Mejstrik, P.; Saalfeld, S.; Tomancak, P. Systematic imaging reveals
features and changing localization of mRNAs in Drosophila development. eLife 2015, 4. [CrossRef] [PubMed]

31. De Renzis, S.; Elemento, O.; Tavazoie, S.; Wieschaus, E.F. Unmasking Activation of the Zygotic Genome
Using Chromosomal Deletions in the Drosophila Embryo. PLoS Biol. 2007, 5, e117. [CrossRef]

32. Semotok, J.L.; Cooperstock, R.L.; Pinder, B.D.; Vari, H.K.; Lipshitz, H.D.; Smibert, C.A. Smaug recruits the
CCR4/POP2/NOT deadenylase complex to trigger maternal transcript localization in the early Drosophila
embryo. Curr. Biol. 2005, 15, 284–294. [CrossRef] [PubMed]

33. Benoit, B.; He, C.H.; Zhang, F.; Votruba, S.M.; Tadros, W.; Westwood, J.T.; Smibert, C.A.; Lipshitz, H.D.;
Theurkauf, W.E. An essential role for the RNA-binding protein Smaug during the Drosophila
maternal-to-zygotic transition. Development 2009, 136, 923–932. [CrossRef] [PubMed]

34. Semotok, J.L.; Luo, H.; Cooperstock, R.L.; Karaiskakis, A.; Vari, H.K.; Smibert, C.A.; Lipshitz, H.D. Drosophila
maternal Hsp83 mRNA destabilization is directed by multiple SMAUG recognition elements in the open
reading frame. Mol. Cell. Biol. 2008, 28, 6757–6772. [CrossRef] [PubMed]

35. Laver, J.D.; Li, X.; Ray, D.; Cook, K.B.; Hahn, N.A.; Nabeel-Shah, S.; Kekis, M.; Luo, H.; Marsolais, A.J.;
Fung, K.Y.; et al. Brain tumor is a sequence-specific RNA-binding protein that directs maternal mRNA
clearance during the Drosophila maternal-to-zygotic transition. Genome Biol. 2015, 16, 94. [CrossRef]
[PubMed]

36. Wang, M.; Ly, M.; Lugowski, A.; Laver, J.D.; Lipshitz, H.D.; Smibert, C.A.; Rissland, O.S. ME31B globally
represses maternal mRNAs by two distinct mechanisms during the Drosophila maternal-to-zygotic transition.
eLife 2017, 6. [CrossRef] [PubMed]

37. Giraldez, A.J. microRNAs, the cell’s Nepenthe: clearing the past during the maternal-to-zygotic transition
and cellular reprogramming. Curr. Opin. Genet. Dev. 2010, 20, 369–375. [CrossRef] [PubMed]

38. Giraldez, A.J.; Mishima, Y.; Rihel, J.; Grocock, R.J.; Van Dongen, S.; Inoue, K.; Enright, A.J.; Schier, A.F.
Zebrafish MiR-430 promotes deadenylation and clearance of maternal mRNAs. Science 2006, 312, 75–79.
[CrossRef] [PubMed]

39. Luo, H.; Li, X.; Claycomb, J.M.; Lipshitz, H.D. The Smaug RNA-Binding Protein Is Essential for microRNA
Synthesis During the Drosophila Maternal-to-zygotic Transition. G3 (Bethesda) 2016, 6, 3541–3551. [CrossRef]
[PubMed]

40. Bushati, N.; Stark, A.; Brennecke, J.; Cohen, S.M. Temporal reciprocity of miRNAs and their targets during
the maternal-to-zygotic transition in Drosophila. Curr. Biol. 2008, 18, 501–506. [CrossRef] [PubMed]

41. Tadros, W.; Goldman, A.L.; Babak, T.; Menzies, F.; Vardy, L.; Orr-Weaver, T.; Hughes, T.R.; Westwood, J.T.;
Smibert, C.A.; Lipshitz, H.D. SMAUG is a major regulator of maternal mRNA destabilization in Drosophila
and its translation is activated by the PAN GU kinase. Dev. Cell 2007, 12, 143–155. [CrossRef] [PubMed]

42. Tay, J.; Hodgman, R.; Richter, J.D. The control of cyclin B1 mRNA translation during mouse oocyte maturation.
Dev. Biol. 2000, 221, 1–9. [CrossRef] [PubMed]

43. Vardy, L.; Orr-Weaver, T.L. The Drosophila PNG kinase complex regulates the translation of cyclin B. Dev. Cell
2007, 12, 157–166. [CrossRef] [PubMed]

44. Hara, M.; Petrova, B.; Orr-Weaver, T.L. Control of PNG kinase, a key regulator of mRNA translation, is
coupled to meiosis completion at egg activation. eLife 2017, 6. [CrossRef] [PubMed]

45. Kronja, I.; Yuan, B.; Eichhorn, S.W.; Dzeyk, K.; Krijgsveld, J.; Bartel, D.P.; Orr-Weaver, T.L. Widespread
changes in the posttranscriptional landscape at the Drosophila oocyte-to-embryo transition. Cell Rep. 2014, 7,
1495–1508. [CrossRef] [PubMed]

46. Almouzni, G.; Wolffe, A.P. Constraints on transcriptional activator function contribute to transcriptional
quiescence during early Xenopus embryogenesis. EMBO J. 1995, 14, 1752–1765. [PubMed]

47. Gilbert, S.F. Developmental Biology, 10th ed.; Sinauer Associates: Sunderland, MA, USA, 2014.
48. Ali-Murthy, Z.; Lott, S.E.; Eisen, M.B.; Kornberg, T.B. An essential role for zygotic expression in the

pre-cellular Drosophila embryo. PLoS Genet. 2013, 9, e1003428. [CrossRef] [PubMed]
49. Kimelman, D.; Kirschner, M.; Scherson, T. The events of the midblastula transition in Xenopus are regulated

by changes in the cell cycle. Cell 1987, 48, 399–407. [CrossRef]

http://dx.doi.org/10.1101/cshperspect.a001891
http://www.ncbi.nlm.nih.gov/pubmed/20066085
http://dx.doi.org/10.7554/eLife.05003
http://www.ncbi.nlm.nih.gov/pubmed/25838129
http://dx.doi.org/10.1371/journal.pbio.0050195
http://dx.doi.org/10.1016/j.cub.2005.01.048
http://www.ncbi.nlm.nih.gov/pubmed/15723788
http://dx.doi.org/10.1242/dev.031815
http://www.ncbi.nlm.nih.gov/pubmed/19234062
http://dx.doi.org/10.1128/MCB.00037-08
http://www.ncbi.nlm.nih.gov/pubmed/18794360
http://dx.doi.org/10.1186/s13059-015-0659-4
http://www.ncbi.nlm.nih.gov/pubmed/25962635
http://dx.doi.org/10.7554/eLife.27891
http://www.ncbi.nlm.nih.gov/pubmed/28875934
http://dx.doi.org/10.1016/j.gde.2010.04.003
http://www.ncbi.nlm.nih.gov/pubmed/20452200
http://dx.doi.org/10.1126/science.1122689
http://www.ncbi.nlm.nih.gov/pubmed/16484454
http://dx.doi.org/10.1534/g3.116.034199
http://www.ncbi.nlm.nih.gov/pubmed/27591754
http://dx.doi.org/10.1016/j.cub.2008.02.081
http://www.ncbi.nlm.nih.gov/pubmed/18394895
http://dx.doi.org/10.1016/j.devcel.2006.10.005
http://www.ncbi.nlm.nih.gov/pubmed/17199047
http://dx.doi.org/10.1006/dbio.2000.9669
http://www.ncbi.nlm.nih.gov/pubmed/10772787
http://dx.doi.org/10.1016/j.devcel.2006.10.017
http://www.ncbi.nlm.nih.gov/pubmed/17199048
http://dx.doi.org/10.7554/eLife.22219
http://www.ncbi.nlm.nih.gov/pubmed/28555567
http://dx.doi.org/10.1016/j.celrep.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/24882012
http://www.ncbi.nlm.nih.gov/pubmed/7737126
http://dx.doi.org/10.1371/journal.pgen.1003428
http://www.ncbi.nlm.nih.gov/pubmed/23593026
http://dx.doi.org/10.1016/0092-8674(87)90191-7


J. Dev. Biol. 2018, 6, 5 19 of 21

50. Veenstra, G.J.; Destree, O.H.; Wolffe, A.P. Translation of maternal TATA-binding protein mRNA potentiates
basal but not activated transcription in Xenopus embryos at the midblastula transition. Mol. Cell. Biol. 1999,
19, 7972–7982. [CrossRef] [PubMed]

51. Collart, C.; Allen, G.E.; Bradshaw, C.R.; Smith, J.C.; Zegerman, P. Titration of four replication factors is
essential for the Xenopus laevis midblastula transition. Science 2013, 341, 893–896. [CrossRef] [PubMed]

52. Newport, J.; Kirschner, M. A major developmental transition in early Xenopus embryos: I. Characterization
and timing of cellular changes at the midblastula stage. Cell 1982, 30, 675–686. [CrossRef]

53. Edgar, B.A.; Kiehle, C.P.; Schubiger, G. Cell cycle control by the nucleo-cytoplasmic ratio in early Drosophila
development. Cell 1986, 44, 365–372. [CrossRef]

54. Lu, X.; Li, J.M.; Elemento, O.; Tavazoie, S.; Wieschaus, E.F. Coupling of zygotic transcription to mitotic
control at the Drosophila mid-blastula transition. Development 2009, 136, 2101–2110. [CrossRef] [PubMed]

55. Clarke, H.J.; McLay, D.W.; Mohamed, O.A. Linker histone transitions during mammalian oogenesis and
embryogenesis. Dev. Genet. 1998, 22, 17–30. [CrossRef]

56. Saeki, H.; Ohsumi, K.; Aihara, H.; Ito, T.; Hirose, S.; Ura, K.; Kaneda, Y. Linker histone variants control
chromatin dynamics during early embryogenesis. Proc. Natl. Acad. Sci. USA 2005, 102, 5697–5702. [CrossRef]
[PubMed]

57. Perez-Montero, S.; Carbonell, A.; Moran, T.; Vaquero, A.; Azorin, F. The embryonic linker histone H1
variant of Drosophila, dBigH1, regulates zygotic genome activation. Dev. Cell 2013, 26, 578–590. [CrossRef]
[PubMed]

58. Jenuwein, T.; Allis, C.D. Translating the histone code. Science 2001, 293, 1074–1080. [CrossRef] [PubMed]
59. Li, X.Y.; Harrison, M.M.; Villalta, J.E.; Kaplan, T.; Eisen, M.B. Establishment of regions of genomic activity

during the Drosophila maternal to zygotic transition. eLife 2014, 3. [CrossRef] [PubMed]
60. Gaertner, B.; Johnston, J.; Chen, K.; Wallaschek, N.; Paulson, A.; Garruss, A.S.; Gaudenz, K.; De Kumar, B.;

Krumlauf, R.; Zeitlinger, J. Poised RNA polymerase II changes over developmental time and prepares genes
for future expression. Cell Rep. 2012, 2, 1670–1683. [CrossRef] [PubMed]

61. Nien, C.Y.; Liang, H.L.; Butcher, S.; Sun, Y.; Fu, S.; Gocha, T.; Kirov, N.; Manak, J.R.; Rushlow, C. Temporal
coordination of gene networks by Zelda in the early Drosophila embryo. PLoS Genet. 2011, 7, e1002339.
[CrossRef] [PubMed]

62. Harrison, M.M.; Li, X.Y.; Kaplan, T.; Botchan, M.R.; Eisen, M.B. Zelda binding in the early Drosophila
melanogaster embryo marks regions subsequently activated at the maternal-to-zygotic transition. PLoS Genet.
2011, 7, e1002266. [CrossRef] [PubMed]

63. Liang, H.L.; Nien, C.Y.; Liu, H.Y.; Metzstein, M.M.; Kirov, N.; Rushlow, C. The zinc-finger protein Zelda is a
key activator of the early zygotic genome in Drosophila. Nature 2008, 456, 400–403. [CrossRef] [PubMed]

64. Sun, Y.; Nien, C.Y.; Chen, K.; Liu, H.Y.; Johnston, J.; Zeitlinger, J.; Rushlow, C. Zelda overcomes the high
intrinsic nucleosome barrier at enhancers during Drosophila zygotic genome activation. Genome Res. 2015,
25, 1703–1714. [CrossRef] [PubMed]

65. Lee, M.T.; Bonneau, A.R.; Takacs, C.M.; Bazzini, A.A.; DiVito, K.R.; Fleming, E.S.; Giraldez, A.J. Nanog,
Pou5f1 and SoxB1 activate zygotic gene expression during the maternal-to-zygotic transition. Nature 2013,
503, 360–364. [CrossRef] [PubMed]

66. Leichsenring, M.; Maes, J.; Mossner, R.; Driever, W.; Onichtchouk, D. Pou5f1 transcription factor controls
zygotic gene activation in vertebrates. Science 2013, 341, 1005–1009. [CrossRef] [PubMed]

67. Iwafuchi-Doi, M.; Zaret, K.S. Cell fate control by pioneer transcription factors. Development 2016, 143,
1833–1837. [CrossRef] [PubMed]

68. Zaret, K.S.; Mango, S.E. Pioneer transcription factors, chromatin dynamics, and cell fate control. Curr. Opin.
Genet. Dev. 2016, 37, 76–81. [CrossRef] [PubMed]

69. Misteli, T. Beyond the sequence: Cellular organization of genome function. Cell 2007, 128, 787–800. [CrossRef]
[PubMed]

70. Dixon, J.R.; Selvaraj, S.; Yue, F.; Kim, A.; Li, Y.; Shen, Y.; Hu, M.; Liu, J.S.; Ren, B. Topological domains in
mammalian genomes identified by analysis of chromatin interactions. Nature 2012, 485, 376–380. [CrossRef]
[PubMed]

71. Lieberman-Aiden, E.; van Berkum, N.L.; Williams, L.; Imakaev, M.; Ragoczy, T.; Telling, A.; Amit, I.;
Lajoie, B.R.; Sabo, P.J.; Dorschner, M.O.; et al. Comprehensive mapping of long-range interactions reveals
folding principles of the human genome. Science 2009, 326, 289–293. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/MCB.19.12.7972
http://www.ncbi.nlm.nih.gov/pubmed/10567523
http://dx.doi.org/10.1126/science.1241530
http://www.ncbi.nlm.nih.gov/pubmed/23907533
http://dx.doi.org/10.1016/0092-8674(82)90272-0
http://dx.doi.org/10.1016/0092-8674(86)90771-3
http://dx.doi.org/10.1242/dev.034421
http://www.ncbi.nlm.nih.gov/pubmed/19465600
http://dx.doi.org/10.1002/(SICI)1520-6408(1998)22:1&lt;17::AID-DVG3&gt;3.0.CO;2-A
http://dx.doi.org/10.1073/pnas.0409824102
http://www.ncbi.nlm.nih.gov/pubmed/15821029
http://dx.doi.org/10.1016/j.devcel.2013.08.011
http://www.ncbi.nlm.nih.gov/pubmed/24055651
http://dx.doi.org/10.1126/science.1063127
http://www.ncbi.nlm.nih.gov/pubmed/11498575
http://dx.doi.org/10.7554/eLife.03737
http://www.ncbi.nlm.nih.gov/pubmed/25313869
http://dx.doi.org/10.1016/j.celrep.2012.11.024
http://www.ncbi.nlm.nih.gov/pubmed/23260668
http://dx.doi.org/10.1371/journal.pgen.1002339
http://www.ncbi.nlm.nih.gov/pubmed/22028675
http://dx.doi.org/10.1371/journal.pgen.1002266
http://www.ncbi.nlm.nih.gov/pubmed/22028662
http://dx.doi.org/10.1038/nature07388
http://www.ncbi.nlm.nih.gov/pubmed/18931655
http://dx.doi.org/10.1101/gr.192542.115
http://www.ncbi.nlm.nih.gov/pubmed/26335633
http://dx.doi.org/10.1038/nature12632
http://www.ncbi.nlm.nih.gov/pubmed/24056933
http://dx.doi.org/10.1126/science.1242527
http://www.ncbi.nlm.nih.gov/pubmed/23950494
http://dx.doi.org/10.1242/dev.133900
http://www.ncbi.nlm.nih.gov/pubmed/27246709
http://dx.doi.org/10.1016/j.gde.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26826681
http://dx.doi.org/10.1016/j.cell.2007.01.028
http://www.ncbi.nlm.nih.gov/pubmed/17320514
http://dx.doi.org/10.1038/nature11082
http://www.ncbi.nlm.nih.gov/pubmed/22495300
http://dx.doi.org/10.1126/science.1181369
http://www.ncbi.nlm.nih.gov/pubmed/19815776


J. Dev. Biol. 2018, 6, 5 20 of 21

72. Van Berkum, N.L.; Lieberman-Aiden, E.; Williams, L.; Imakaev, M.; Gnirke, A.; Mirny, L.A.; Dekker, J.;
Lander, E.S. Hi-C: A method to study the three-dimensional architecture of genomes. J. Vis. Exp. 2010.
[CrossRef] [PubMed]

73. Sexton, T.; Yaffe, E.; Kenigsberg, E.; Bantignies, F.; Leblanc, B.; Hoichman, M.; Parrinello, H.; Tanay, A.;
Cavalli, G. Three-dimensional folding and functional organization principles of the Drosophila genome. Cell
2012, 148, 458–472. [CrossRef] [PubMed]

74. Tolhuis, B.; Blom, M.; van Lohuizen, M. Chromosome conformation capture on chip in single Drosophila
melanogaster tissues. Methods 2012, 58, 231–242. [CrossRef] [PubMed]

75. Li, H.B. Chromosome Conformation Capture in Drosophila. Methods Mol. Biol. 2016, 1480, 207–212.
[PubMed]

76. Hug, C.B.; Grimaldi, A.G.; Kruse, K.; Vaquerizas, J.M. Chromatin Architecture Emerges during Zygotic
Genome Activation Independent of Transcription. Cell 2017, 169, 216–228. [CrossRef] [PubMed]

77. Dai, Q.; Ren, A.; Westholm, J.O.; Duan, H.; Patel, D.J.; Lai, E.C. Common and distinct DNA-binding and
regulatory activities of the BEN-solo transcription factor family. Genes Dev. 2015, 29, 48–62. [CrossRef]
[PubMed]

78. Sung, H.W.; Spangenberg, S.; Vogt, N.; Grosshans, J. Number of nuclear divisions in the Drosophila
blastoderm controlled by onset of zygotic transcription. Curr. Biol. 2013, 23, 133–138. [CrossRef] [PubMed]

79. Fogarty, P.; Kalpin, R.F.; Sullivan, W. The Drosophila maternal-effect mutation grapes causes a metaphase
arrest at nuclear cycle 13. Development 1994, 120, 2131–2142. [PubMed]

80. Blythe, S.A.; Wieschaus, E.F. Zygotic genome activation triggers the DNA replication checkpoint at the
midblastula transition. Cell 2015, 160, 1169–1181. [CrossRef] [PubMed]

81. Laver, J.D.; Lipshitz, H.D. Transcription gets to the checkpoint. Cell 2015, 160, 1043–1044. [CrossRef]
[PubMed]

82. Bertrand, E.; Chartrand, P.; Schaefer, M.; Shenoy, S.M.; Singer, R.H.; Long, R.M. Localization of ASH1 mRNA
particles in living yeast. Mol. Cell 1998, 2, 437–445. [CrossRef]

83. Weil, T.T.; Parton, R.M.; Davis, I. Making the message clear: visualizing mRNA localization. Trends Cell Biol.
2010, 20, 380–390. [CrossRef] [PubMed]

84. Forrest, K.M.; Gavis, E.R. Live imaging of endogenous RNA reveals a diffusion and entrapment mechanism
for nanos mRNA localization in Drosophila. Curr. Biol. 2003, 13, 1159–1168. [CrossRef]

85. Belaya, K.; St Johnston, D. Using the mRNA-MS2/MS2CP-FP system to study mRNA transport during
Drosophila oogenesis. Methods Mol. Biol. 2011, 714, 265–283. [PubMed]

86. Trovisco, V.; Belaya, K.; Nashchekin, D.; Irion, U.; Sirinakis, G.; Butler, R.; Lee, J.J.; Gavis, E.R.; St Johnston, D.
bicoid mRNA localises to the Drosophila oocyte anterior by random Dynein-mediated transport and
anchoring. eLife 2016, 5. [CrossRef] [PubMed]

87. Halstead, J.M.; Lionnet, T.; Wilbertz, J.H.; Wippich, F.; Ephrussi, A.; Singer, R.H.; Chao, J.A. Translation. An
RNA biosensor for imaging the first round of translation from single cells to living animals. Science 2015,
347, 1367–1671. [CrossRef] [PubMed]

88. Halstead, J.M.; Wilbertz, J.H.; Wippich, F.; Lionnet, T.; Ephrussi, A.; Chao, J.A. TRICK: A Single-Molecule
Method for Imaging the First Round of Translation in Living Cells and Animals. Methods Enzymol. 2016, 572,
123–157. [PubMed]

89. Bothma, J.P.; Garcia, H.G.; Ng, S.; Perry, M.W.; Gregor, T.; Levine, M. Enhancer additivity and non-additivity
are determined by enhancer strength in the Drosophila embryo. eLife 2015, 4. [CrossRef] [PubMed]

90. Sanchez, A.; Golding, I. Genetic determinants and cellular constraints in noisy gene expression. Science 2013,
342, 1188–1193. [CrossRef] [PubMed]

91. Chong, S.; Chen, C.; Ge, H.; Xie, X.S. Mechanism of transcriptional bursting in bacteria. Cell 2014, 158,
314–326. [CrossRef] [PubMed]

92. Fukaya, T.; Lim, B.; Levine, M. Enhancer Control of Transcriptional Bursting. Cell 2016, 166, 358–368.
[CrossRef] [PubMed]

93. O’Brien, T.; Lis, J.T. Rapid changes in Drosophila transcription after an instantaneous heat shock.
Mol. Cell. Biol. 1993, 13, 3456–3463. [CrossRef] [PubMed]

94. Fukaya, T.; Lim, B.; Levine, M. Rapid Rates of Pol II Elongation in the Drosophila Embryo. Curr. Biol. 2017,
27, 1387–1391. [CrossRef] [PubMed]

http://dx.doi.org/10.3791/1869
http://www.ncbi.nlm.nih.gov/pubmed/20461051
http://dx.doi.org/10.1016/j.cell.2012.01.010
http://www.ncbi.nlm.nih.gov/pubmed/22265598
http://dx.doi.org/10.1016/j.ymeth.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22525789
http://www.ncbi.nlm.nih.gov/pubmed/27659987
http://dx.doi.org/10.1016/j.cell.2017.03.024
http://www.ncbi.nlm.nih.gov/pubmed/28388407
http://dx.doi.org/10.1101/gad.252122.114
http://www.ncbi.nlm.nih.gov/pubmed/25561495
http://dx.doi.org/10.1016/j.cub.2012.12.013
http://www.ncbi.nlm.nih.gov/pubmed/23290555
http://www.ncbi.nlm.nih.gov/pubmed/7925016
http://dx.doi.org/10.1016/j.cell.2015.01.050
http://www.ncbi.nlm.nih.gov/pubmed/25748651
http://dx.doi.org/10.1016/j.cell.2015.02.051
http://www.ncbi.nlm.nih.gov/pubmed/25768900
http://dx.doi.org/10.1016/S1097-2765(00)80143-4
http://dx.doi.org/10.1016/j.tcb.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20444605
http://dx.doi.org/10.1016/S0960-9822(03)00451-2
http://www.ncbi.nlm.nih.gov/pubmed/21431747
http://dx.doi.org/10.7554/eLife.17537
http://www.ncbi.nlm.nih.gov/pubmed/27791980
http://dx.doi.org/10.1126/science.aaa3380
http://www.ncbi.nlm.nih.gov/pubmed/25792328
http://www.ncbi.nlm.nih.gov/pubmed/27241753
http://dx.doi.org/10.7554/eLife.07956
http://www.ncbi.nlm.nih.gov/pubmed/26267217
http://dx.doi.org/10.1126/science.1242975
http://www.ncbi.nlm.nih.gov/pubmed/24311680
http://dx.doi.org/10.1016/j.cell.2014.05.038
http://www.ncbi.nlm.nih.gov/pubmed/25036631
http://dx.doi.org/10.1016/j.cell.2016.05.025
http://www.ncbi.nlm.nih.gov/pubmed/27293191
http://dx.doi.org/10.1128/MCB.13.6.3456
http://www.ncbi.nlm.nih.gov/pubmed/8497261
http://dx.doi.org/10.1016/j.cub.2017.03.069
http://www.ncbi.nlm.nih.gov/pubmed/28457866


J. Dev. Biol. 2018, 6, 5 21 of 21

95. Muramoto, T.; Muller, I.; Thomas, G.; Melvin, A.; Chubb, J.R. Methylation of H3K4 Is required for inheritance
of active transcriptional states. Curr. Biol. 2010, 20, 397–406. [CrossRef] [PubMed]

96. Zhao, R.; Nakamura, T.; Fu, Y.; Lazar, Z.; Spector, D.L. Gene bookmarking accelerates the kinetics of
post-mitotic transcriptional re-activation. Nat. Cell Biol. 2011, 13, 1295–1304. [CrossRef] [PubMed]

97. Ferraro, T.; Esposito, E.; Mancini, L.; Ng, S.; Lucas, T.; Coppey, M.; Dostatni, N.; Walczak, A.M.; Levine, M.;
Lagha, M. Transcriptional Memory in the Drosophila Embryo. Curr. Biol. 2016, 26, 212–218. [CrossRef]
[PubMed]

98. Amodeo, A.A.; Jukam, D.; Straight, A.F.; Skotheim, J.M. Histone titration against the genome sets the
DNA-to-cytoplasm threshold for the Xenopus midblastula transition. Proc. Natl. Acad. Sci. USA 2015, 112,
E1086–E1095. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cub.2010.01.017
http://www.ncbi.nlm.nih.gov/pubmed/20188556
http://dx.doi.org/10.1038/ncb2341
http://www.ncbi.nlm.nih.gov/pubmed/21983563
http://dx.doi.org/10.1016/j.cub.2015.11.058
http://www.ncbi.nlm.nih.gov/pubmed/26748851
http://dx.doi.org/10.1073/pnas.1413990112
http://www.ncbi.nlm.nih.gov/pubmed/25713373
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Deposition, Localization, Translation and Clearance of Maternal Transcripts 
	Models of Zygotic Genome Activation 
	Chromatin Rearrangements and Zygotic Genome Activation 
	ZGA as a Driver of Embryonic Development 
	Emerging Properties of Zygotic Transcription 
	Conclusions 
	References

