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Abstract

The zygote has a daunting task ahead of itself; it must develop from a single cell (fertilized egg) into a fully functioning adult with a multitude
of different cell types. In the beginning, the zygote has help from its mother, in the form of gene products deposited into the egg, but even-
tually, it must rely on its own resources to proceed through development. The transfer of developmental control from the mother to the
embryo is called the maternal-to-zygotic transition (MZT). All animals undergo this transition, which is defined by two main processes—
the degradation of maternal RNAs and the synthesis of new RNAs from the zygote's own genome. Here, we review the regulation of
the MZT in Drosophila, but given the broad conservation of this essential process, much of the regulation is shared among metazoans.

Graphical Abstract

Maternal-to-zygotic transition

Genome Activation
Cell Cycle Remodeling

Maternal control
Ohrs AEL

Post-transcriptional Regulation

Zygtotic control
3hrs AEL

Keywords: Drosophila; MZT; zygotic genome activation; ZGA; embryo; gene expression; FlyBookg

Coordinated events drive the MZT

During the maternal-to-zygotic transition (MZT), the fertilized egg
transitions from two specified germ cells to the totipotent cells of
the early embryo that subsequently gives rise to an entirely new
organism. Thus, in a short time, the zygote generates thousands
of cells, pattern the embryonic axes, and prepare for gastrulation.
For this to occur, multiple processes must be precisely coordi-
nated, including the lengthening of the division cycle, degradation
of maternally deposited products, transcriptional activation of
the zygotic genome, and reorganization of the chromatin of the
embryonic genome (Fig. 1).

After fertilization, the zygote undergoes a series of rapid and
semisynchronous mitotic divisions that occur without cytokin-
esis, giving rise to a syncytial blastoderm (Zalokar and Erk 1976;
Foe and Alberts 1983). These rapid cycles lack gap phases and
are therefore a series of repeating rounds of DNA synthesis and
mitotic division. The first 9 of these mitotic or nuclear cycles
(NCs) last about 8 min each (at 25°C). At the ninth NC, the primor-
dial germ cells form from nuclei that bud from the posterior and
are cellularized during the subsequent division cycle (NC10). For
the remaining nuclei, the division cycle gradually lengthens to
about 60 min for NC14, due largely to increasing variability in
the timing of DNA replication initiation and the addition of the
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Fig. 1. Handoff of developmental control is coordinated between maternal and zygotic programs. Egg activation triggers PNG kinase formation, which
mediates phosphorylation events that result in translation of maternally provided mRNAs. This release of translational repression mediated by
RNA-binding proteins results in the increase in protein levels of maternally encoded factors required for early and late-stage decay of maternal mRNA
and proteins (denoted by orange boxes and lines), activation of the zygotic genome, and initiation of NCs. This allows multiple processes required for
successful transition through the MZT to be coordinated and linked with egg activation.

first gap phase. During the extended interphase of NC14, the plas-
ma membrane invaginates around the approximately 6,000 syn-
cytial nuclei to form cells. Although, in this cellular blastoderm,
all cells, with the exception of the future germ cells, appear nearly
morphologically identical, they are molecularly distinct. By the
end of NC14, cells have acquired positional information, and the
fate map has been established (Lohs-Schardin, Sander, et al.
1979; Lohs-Schardin, Cremer, et al. 1979). Subsequent mitoses
are asynchronous, occurring in mitotic domains determined by
this fate map, and directly after cellularization, gastrulation
movements begin (Foe and Alberts 1983; Foe 1989).

During the initial rapid divisions, the zygotic genome is largely
transcriptionally quiescent with development controlled by ma-
ternally provided products, predominantly RNA. Impressively,

over half of the protein-coding genome is encoded by these ma-
ternal RNAs, which are transcribed during oogenesis by nurse
cells and the oocyte itself (>7,000 genes) (Tadros et al. 2003; De
Renzis et al. 2007; Lecuyer et al. 2007; Thomsen et al. 2010). As de-
velopment progresses, transcription of the zygotic genome is in-
itiated, and this is coordinated with the degradation of the
maternally provided products. Zygotic genome activation (ZGA)
occurs gradually with a minor wave initiating at approximately
NC8 and a major wave with many more genes becoming actively
transcribed at NC14 (Edgar and Schubiger 1986; De Renzis et al.
2007; Lott et al. 2011; Chen et al. 2013). Together, these processes
of transcriptional initiation and messenger RNA (mRNA) degrad-
ation result in a monumental shift in the transcriptome of the
early embryo.
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At NC14, the division cycle slows dramatically, transcription is
broadly activated, the nuclei are cellularized, and morphological
movements are initiated. The coordination of these processes
marks the midblastula transition (MBT). This term was first
used to describe the developmental transition in Xenopus embryos
where similar cellular changes occurred, including lengthening of
the cell cycle, asynchronous divisions, acquisition of cell motility,
increased RNA synthesis, and dependence on the zygotic genome
(Newport and Kirschner 1982a, 1982b). While the MBT takes place
during the MZT, these terms refer to two distinct transitions. Here,
we focus on the MZT: the process by which control is transferred
from mother to offspring. Because the MZT is intimately linked
with changes to the division cycle and to the chromatin template,
we will also briefly discuss how these aspects are remodeled dur-
ing early development and the tight regulation that couples these
events together.

Degradation of maternally provided
products

While approximately half of protein-coding genes are maternally
contributed as mRNA to the future embryo, 60% of these tran-
scripts will be degraded by the end of the MZT (Tadros et al.
2003; De Renzis et al. 2007; Lecuyer et al. 2007; Thomsen et al.
2010). Regulation of maternal RNAs occurs at the posttranscrip-
tional level in which RNA-binding proteins mediate the stability,
translation, and eventual decay of maternal transcripts.
Simultaneously, 2% of the maternal proteome is also degraded
through this period (Cao et al. 2020). Together, these networks of
decay tightly coordinate the lifespan of maternal factors to ensure
proper relinquishing of maternal control of the genome to the
zygote.

Clearance of maternal mRNAs is regulated through both ma-
ternal and zygotically controlled mechanisms (Bashirullah et al.
1999). Maternally driven degradation of RNA is triggered at egg ac-
tivation and proceeds regardless of whether an oocyte is fertilized.
A principal regulator of this RNA decay pathway is the maternally
encoded RNA-binding protein Smaug (Smg), which is responsible
for the destabilization of an estimated two-thirds of maternally
encoded mRNAs through the MZT (Tadros et al. 2007; Chen et al.
2014). Smg binds a stem-loop structure formed by smaug recogni-
tion elements located within the 3'UTRs of mRNAs (Smibert et al.
1996). This in turn recruits the CCR4-NOT-deadenylase complex
to catalyze polyA-tail deadenylation, a mark important for
mRNA stability (Semotok et al. 2005). Recruitment of the
CCR4-NOT complex for downstream degradation is not exclusive-
ly dependent upon Smg. The RNA-binding proteins Brain Tumor
(Brat) and Pumilio (Pum) recruit the CCR4-NOT complex to 3’
UTRs to initiate mRNA decay (Gerber et al. 2006; Laver et al.
2015). In contrast to the maternal RNA degradation pathway,
zygotic-mediated RNA decay requires fertilization and transcrip-
tional activation of the zygotic genome. As such, this process be-
gins approximately 2 h after egg laying (Bashirullah et al. 1999).
This pathway is partially driven by expression of the mir-309 clus-
ter, which contains 8 zygotically expressed microRNA (miRNA)
genes that collectively code for 5 distinct seed sequences used to
recognize and target maternal mRNA for depletion. Homology to
these seed sequences is specifically enriched in maternal tran-
scripts, suggesting the mir-309 locus has evolved over time to pre-
cisely target maternal rather than zygotic RNAs for degradation
(Bushati et al. 2008). Interestingly, Smg is required for the activa-
tion of hundreds of zygotic loci, including the mir-309 cluster, sug-
gesting a positive feedback loop to increase maternal RNA decay

(Benoit et al. 2009). Although the mir-309 cluster is not deeply con-
served, similar mechanisms of miRNA-mediated decay have been
identified outside of Drosophila, including the mir-430 and mir-427
loci found in zebrafish and Xenopus, respectively (Giraldez et al.
2006; Lund et al. 2009).

Independent of RNA decay mechanisms, RNA-binding proteins
like Smg, Pum, and Brat regulate translation of maternally pro-
vided transcripts to control protein expression. This balance be-
tween translational repression and RNA degradation is, in part,
controlled by Pan Gu (Png) (Kronja, Whitfield, et al. 2014). In a com-
plex with Plutonium (Plu) and Giant Nuclei (Gnu), Png reverses
translational inhibition by repressors like Pum exclusively during
the oocyte-to-embryo transition (Lee et al. 2003; Tadros et al. 2007;
Hara et al. 2017) (Fig. 1). This activity is regulated by the ability of
Png to directly phosphorylate proteins involved in translation, in-
cluding Pum, Trailer Hitch (Tral), and MEI31B (Hara et al. 2018). A
complex including Tral, Cup, and the deadbox helicase ME31B
binds widely to maternal RNAs and inhibits translation within
the first hour after fertilization (Nakamura et al. 2001; Tritschler
et al. 2008). Png activation results in the decrease of the protein le-
vels for all 3 factors over the span of the MZT and results in a shift
from translational repression to RNA degradation of
ME31B-bound mRNAs (Wang et al. 2017). While it is clear that
Png activity regulates the transition from translational repression
to RNA degradation, the direct mechanisms remain unclear.

During the MZT, a subset of the maternal proteome is de-
graded. While this functions on a smaller scale than maternal
mRNA decay, it is still important for regulating this transition.
Clearance of maternal proteins is partially dependent upon the
E2 conjugating enzyme Marie Kondo (Kdo) and the E3
C-terminal to Lis1 Homology (CTLH) ligase complex, which pro-
motes degradation of translational repressors such as ME31B,
Cup, and Tral (Cao et al. 2020; Zavortink et al. 2020). Like maternal
RNA clearance, degradation of maternal proteins is dependent
upon the Png kinase, as upregulation of Kdo protein is impeded
in png mutants (Zavortink et al. 2020) (Fig. 1). Conversely, removal
of Smg occurs at the end of the MZT and requires the E3 Skp/
Cullin/F-box-containing (SCF) ubiquitin ligase complex (Cao
et al. 2020). Targeting of Smg for degradation is specifically
mediated through an interaction of the F-box containing protein
Bard with the C-terminus of Smg (Cao et al. 2022). Proper clearance
of maternal repressor proteins during the MZT is important for an
error-proof transition to zygotic control. Failure to degrade Smgby
the end of the MZT results in Smg-mediated degradation of zygot-
ically expressed targets that are necessary for developmental
progression.

Dynamics of genome activation

Genome-wide RNA profiling assays were used to characterize the
transcriptomes of early embryos and, importantly, to distinguish
maternally loaded RNAs from newly transcribed zygotic RNAs
(see Box 1). Tens of genes (~100) become transcriptionally active
in 1-2 h after egg laying (NC8-13), while a few thousand genes
are activated at 2-3 h (NC14). While activation is a gradual pro-
cess, these are referred to as the minor and major waves of ZGA,
respectively (Tadros et al. 2003; Pilot et al. 2006; De Renzis et al.
2007; Thomsen et al. 2010; Lott et al. 2011; Chen et al. 2013).
Genes activated during the minor wave typically contain TATA
boxes in their promoters, a feature associated with high rates of
RNA polymerase II initiation and lack of polymerase pausing
(Chen et al. 2013; Pimmett et al. 2021). Such strong promoter activ-
ity is in accordance with the high-level expression observed for
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these genes and their roles in subsequent developmental pro-
cesses including cellularization (e.g. halo, bottleneck [bnk], and
slow as molasses [slam]), sex determination and dosage compensa-
tion (e.g. Sex-lethal [Sxl] and sisterless [sis] genes), mitotic-cycle
lengthening (e.g. friihstart [frs] and tribbles [trbl]), chromatin organ-
ization (Elba genes), and patterning (e.g. zerkniillt [zen], snail [sna],
and hunchback [hb]) (Liang et al. 2008). As identified for genes ex-
pressed in the minor wave in many species, these genes tend to
be short and lack introns (De Renzis et al. 2007; Chen et al. 2013;
Heyn et al. 2014).

Genes expressed during the major wave include many house-
keeping genes, which are also maternally expressed. In addition,
expression of hundreds of patterning genes is activated by feed-
forward transcriptional and signaling networks established by
maternal and minor-wave zygotic factors (Nien et al. 2011; Chen
et al. 2013). These genes exhibit RNA polymerase II pausing about
50-bp downstream of the transcription start site, a feature fre-
quently found at developmental regulatory genes. In contrast to

Box 1. Methods to identify zygotic gene expression (see Fig. 3)

The large quantity of maternally provided RNA that drives
early embryonic development presents a unique challenge in
identifying transcription from the zygotic genome. To address
this challenge, multiple different strategies have been
developed to elucidate the dynamics of zygotic genome
activation. Early analysis relied on injections of radioactive
nucleotide followed by identification of transcripts based on
molecular weight to determine when large classes of
transcripts became detectable (Zalokar 1976; Anderson and
Lengyel 1979; Edgar and Schubiger 1986). Subsequently,
nascent transcription was determined at the level of single
genes using in situ hybridization to detect dots within the
nucleus (Shermoen and O’Farrell 1991). With the advent of
microarrays, thousands of transcripts could be detected
simultaneously. Profiling transcript levels over development
enabled changes in expression over time to be determined and
used as a method to identify zygotically expressed genes as
those whose levels increased over the first few hours of
development (Arbeitman et al. 2002; Tadros et al. 2003; Pilot et al.
2006). Nonetheless, maternal transcripts could mask zygotic
expression of the same gene. To avoid this complication,
expression levels were determined over the MZT in embryos
lacking specific chromosomal arms, allowing gene expression
to be directly correlated with the presence or absence of a
specific locus (De Renzis et al. 2007). In addition, comparing the
transcriptomes of unfertilized eggs with those of fertilized
embryos from multiple time points through development
revealed maternal vs zygotic specific transcripts (Tadros et al.
2003; Thomsen et al. 2010). The increased sensitivity provided
by high-throughput sequencing enabled transcriptional
profiling in single embryos. Using polymorphic differences
between two wild-type strains of flies allowed assignment of
transcripts to either the paternal or maternal chromosome.
Because any transcripts from the paternal chromosome must
be expressed from the zygotic genome, thousands of
zygotically expressed genes could be identified with
high-temporal resolution (Lott et al. 2011; Ali-Murthy et al.
2013). Additional strategies have taken advantage of distinctive
features of active transcripts, including the binding profile of
the RNA polymerase Il enzyme across the gene (Chen et al. 2013;
Blythe and Wieschaus 2015), the ability to selectively identify
RNA engaged by an actively transcribing polymerase (GRO-seq)
(Saunders et al. 2013), the incorporation of an exogenously
provided base analog that allows specific isolation of recently
transcribed RNAs (Kwasnieski et al. 2019), and intron-mapping
reads (Riemondy et al. 2023). Together, these diverse strategies
have taken advantage of technology as it is developed to
sensitively identify the dynamics of zygotic genome activation.

genes expressed during the minor wave, the promoters of genes
expressed during the major wave of ZGA are enriched for motifs
other than TATA, for example, pause button (PB), Initiator (Inr),
and downstream promoter element (DPE) (Zeitlinger et al. 2007,
Chen et al. 2013). They typically contain cis-regulatory modules
(CRMs), or enhancers, that interact with specific trans-activators
and repressors, which together direct spatiotemporal expression
patterns (see more below). In many cases, genes are regulated
by multiple enhancers. These can be referred to as primary and
shadow enhancers or proximal and distal enhancers, depending
on whether one enhancer was identified first or if one is closer
to the transcription start site than the other (Hong et al. 2008;
Dunipace et al. 2013). In some cases, multiple enhancers regulate
transcription in a similar manner and function redundantly to
provide resilience to environment or genetic perturbation. In
other cases, enhancers act additively or synergistically to elabor-
ate the pattern and can affect polymerase kinetics differently
(Perry et al. 2010, 2012; Dunipace et al. 2013, 2019; Staller et al.
2015; Wunderlich et al. 2015; Scholes et al. 2019; Whitney et al.
2022).

As compared to the somatic cells of the embryo, transcriptional
dynamics in the germline cells of the blastoderm are delayed. The
germ “pole” cells remain quiescent until after gastrulation with ac-
tivation as early as 3-5h after fertilization (Williamson and
Lehmann 1996; Seydoux and Dunn 1997; Siddiqui et al. 2012). This
repression is dependent on posterior determinants, such as nanos
and germ cell-less (gcl) as mutations in these genes activate the sis
genes precociously (Deshpande et al. 1999; Leatherman et al.
2002). However, it is unclear how they function, as neither encodes
a transcriptional repressor. The product of the gene polar granule
component (pgc) may be actively involved in repressing transcription
in the germline through inhibition of RNA polymerase II phosphor-
ylation (Martinho et al. 2004; Hanyu-Nakamura et al. 2008), and this
mechanism has similarities to repression of gene expression in the
primordial germline in Caenorhabditis elegans (Seydoux and Dunn
1997). Thus, genome activation in primordial germ cells is regulated
distinctly from that of the somatic cells, resulting in a delay in acti-
vation that is likely essential for proper germ cell specification.
However, there is evidence that this control is not purely autono-
mous and that regulators of somatic ZGA also influence primordial
germ cell development (Colonnetta et al. 2023).

Regulating genome activation

The dynamic activation of the zygotic genome is precisely con-
trolled by multiple interdependent mechanisms. Changes in the
length of the division cycle, the ratio of nuclear content to cyto-
plasm, and the levels of specific transcriptional activators all in-
fluence the timing of genome activation.

Division cycle

As discussed above, the nuclear division cycles are highly abbre-
viated, consisting of only a synthesis (S) phase and mitosis (M)
with no gap phases. Because transcription is suppressed during
mitosis (Shermoen and O’Farrell 1991), the 5-min S phases preced-
ing NC12 provide little time for transcriptional elongation. In the
early embryo, RNA polymerase II elongation rates have been esti-
mated to be ~1.5-3.0 kb/min (Ardehali and Lis 2009; Garcia et al.
2013; Fukaya et al. 2017), suggesting an upper limit on the length
of transcripts that can be expressed during these early division cy-
cles. Supporting the model that S-phase length may constrain
zygotic transcription, early transcripts tend to be short and lack
introns (De Renzis et al. 2007; Chen et al. 2013). Furthermore,
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Fig. 2. The early zygotic genome is reprogrammed during the MZT. Timeline depicting the initiation and longevity of processes defining the MZT. Within
3 h, the MZT undergoes 14 nuclear division cycles (NC) that are a series of alternating S and M phases. These begin to slow at NC10. Cycle slowingis largely
achieved through longer S phases, as mitosis occurs in approximately 5 min regardless of division cycle. Because these nuclear division cycles occur in a
shared cytoplasm, nuclear density increases, resulting in an increase in the N/C ratio. Transcriptional activation is mediated by pioneer factors Zld, GAF,
Clamp, and Opa, which preferentially function at different time points over this developmental transition (denoted by triangles). Simultaneously,
chromatin is restructured through the addition of posttranslational modifications and incorporation of histone variants (presence of protein or
modification represented by a line).
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Fig. 3. Multiple methods can be used to classify maternal and zygotic transcripts in the Drosophila embryo on the genome-wide scale (see Box 1). Maternal
transcripts are represented in black. Zygotic transcripts are depicted in pink.
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aborted transcripts, as identified by 5’ read biases in RNA sequen-
cing (RNA-seq) data, are more abundant during the highly abbre-
viated division cycles of NC7-9 than in NC14, comprising ~60% of
the identified zygotic transcripts (Kwasnieski et al. 2019). Some of
these aborted transcripts may be actively generated and, if trans-
lated, produce truncated protein products with unique functions
(Sandler et al. 2018). Thus, division cycle dynamics shape the tran-
scriptome of the early embryo.

Multiple mechanisms ensure the progressive slowing of the
division cycle as the MZT progresses. Because mitosis continues
to take approximately 5 min in all the early divisions, the length-
ening of the division cycleis largely due to the extension of S phase
(Fig. 2). In the very early cycles, replication initiates nearly simul-
taneously throughout the genome (Blumenthal et al. 1974;
Shermoen et al. 2010). Later in development, this synchronicity
is lost. Late replication occurs predominantly at silenced satellite
regions. The binding of Rif1 to these satellite sequences selectively
delays their replication (Seller and O’Farrell 2018). In addition to

the lengthening of S phase, a gap phase (G2) is added to the div-
ision cycle at NC14. This is controlled through the downregulation
of maternally provided Cdc25 phosphatase, which results in the
inhibitory phosphorylation of the mitotic kinase Cdk1 (Farrell
et al. 2012; Di Talia et al. 2013; Farrell and O’Farrell 2013).
Additionally, replication rates are controlled by the availability
of the dNTPs, the building blocks of the replicated genomes.
While the mother deposits sufficient supplies of many of the mo-
lecules required for early development, the egg contains only
about a third of the required dNTPs (Song et al. 2017). Thus, the
embryo must produce the additional dNTPs required to replicate
the genome. This process is tightly regulated as dNTPs negatively
regulate the enzyme required for their production (Songet al. 2017;
Djabrayan et al. 2019). The decreasing levels of dNTPs also result
in replication stress that feeds into the slowing of the division cy-
cle (Liu et al. 2019).

In addition, zygotic transcriptional activation shapes the div-
ision cycle. Global inhibition of RNA polymerase II transcription
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leads to additional mitotic divisions and precocious transcription
can halt the division cycle (Edgar et al. 1986; Sung et al. 2013).
Transcription directly affects the slowing of the cycle through
the expression of specific zygotic genes required for slowing the
division cycle, such as frs and trbl (Grofshans and Wieschaus
2000; Mata et al. 2000; Seher and Leptin 2000; Grofshans et al.
2003; Farrell and O’Farrell 2013). In addition, during NC13 conflict
between RNA polymerase Il binding and DNA replication activates
a replication checkpoint to slow the division cycle (Sibon et al.
1997; Blythe and Wieschaus 2015). This interdependence ensures
the coordination of genome activation with the dramatic changes
in division-cycle dynamics.

N/C ratio

Seminal experiments in Xenopus demonstrated a role for the ratio
of the nuclear content to the cytoplasm (nuclear-to-cytoplasmic
[N/C] ratio) as regulating MZT dynamics (Newport and Kirschner
1982a, 1982b). In eggs from oviparous organisms, the cytoplasmic
volume remains constant during early development while the
number of nuclei increases exponentially with each division.
Thus, the ratio of cytoplasm to both nuclear volume and nuclear
content (DNA) decreases over early development. In frogs, both
the addition of exogenous DNA and decreasing cytoplasmic vol-
ume could initiate precocious transcription (Newport and
Kirschner 1982b). Together, these and other data led to a model
whereby titration of a maternally supplied repressor, by the in-
creasing DNA content generated during each division cycle, re-
sulted in progressive activation of the zygotic genome. More
recently, studies in both frogs and zebrafish have implicated
core histones as maternally supplied repressors that may be ei-
ther titrated by the increasing DNA content or by changes in their
concentration due to changes in nuclear volume (Amodeo et al.
2015; Joseph et al. 2017). Of note, the role of histones may not be
directly related to their incorporation into chromatin. The un-
structured tail of histone H3 is a substrate for the checkpoint ki-
nase Chk1/grapes and acts as a competitive inhibitor during the
early NCs when this histone is abundant (Shindo and Amodeo
2021). Thus, the titration of histones by DNA may function to
regulate Chk1-dependent slowing of the division cycle.

In flies, the evidence for the role of the N/C ratio in directly con-
trolling transcription is limited. Haploid embryos, which contain
half the DNA content of wild-type embryos, fail to dramatically
slow the division cycle at NC14 and undergo an additional round
of division. Nonetheless, they attempt to undergo cellularization
during the abbreviated NC14, demonstrating that zygotically ex-
pressed genes required for cellularization are transcribed.
Furthermore, transcription is activated on a similar time frame
in embryos arrested after NC10 as in dividing embryos, suggesting
that time, and not nuclear content or volume, is regulating activa-
tion (Edgar et al. 1986; Strong et al. 2020). Genomic and imaging ex-
periments on haploid embryos have identified the transcriptional
activation of a subset of genes that is sensitive to DNA content (Lu
et al. 2009; Syed et al. 2021). Nonetheless, many genes assayed in
these haploid embryos show a contribution of both developmen-
tal time and DNA content to the dynamics of activation (Lu et al.
2009). These data suggest that the while N/C ratio has substantial
effects on timing of the division cycle, the direct effects on tran-
scriptional activation are more subtle and likely connected with
the effects on division-cycle dynamics.

It is increasingly evident that the slowing of the division cycle,
the increased N/C ratio, and transcriptional activation of the zyg-
otic genome are interconnected. Transcription initiates broadly in
embryos arrested at interphase of NC12 (Strong et al. 2020). The

coupling of widespread ZGA with the lengthening of S phase and
the robust transcriptional initiation in embryos arrested with a
low N/C ratio together suggest that the N/C ratio is primarily regu-
lating the slowing of the division cycle. It is this slowing, along
with the translation of transcriptional activators, that ultimately
enables ZGA. This may be a conserved feature of the MZT as
ZGA occurs in zebrafish embryos arrested at low N/C ratios. Like
Drosophila, transcriptional activation in zebrafish is largely de-
pendent on developmental time and translation of transcriptional
activators (Chan et al. 2019).

Regulation of transcriptional activators

While original models for the timing of genome activation focused
on a maternally deposited repressor, the regulated expression of
essential transcriptional activators also controls the timing of
gene expression (Almouzni and Wolffe 1995). These activators
are maternally deposited as mRNAs and are subsequently trans-
lated, driving transcriptional activation. This has been demon-
strated for TATA-binding protein (TBP) in frogs, a histone
acetyltransferase in zebrafish, and a transcriptional activator in
Drosophila (Veenstra et al. 1999; Chan et al. 2019; Larson et al.
2022). The first indication of the existence of a sequence-specific
DNA-binding protein that could initiate genome activation was
based on work in Drosophila. A set of related sequence motifs
were identified enriched in the regulatory regions of the earliest
expressed genes (ten Bosch et al. 2006). The discovery of the pro-
tein Zelda (Zld; also known as Vielfaltig [V{l]) that could bind to
these sequences identified the first genome activator in any spe-
cies (Staudt et al. 2006; Liang et al. 2008).

Discovery of Zld as a master regulator of the
Drosophila MZT

The discovery of Zld was predicated on the identification of
CAGGTAG and related sequence elements upstream of genes in-
volved in sex determination and dosage compensation (sisA,
sisB/scute [sc], and Sxl) (Erickson and Cline 1998; Wrischnik et al.
2003). These were hypothesized to be numerator sequences spe-
cific to the sex determination pathway. With the publication of
the full genome sequence, it became clear that these sequence
elements were enriched not only in the promoters of genes in-
volved in sex determination, but more broadly in the promoters
of multiple genes expressed during the earliest stages of develop-
ment (ten Bosch et al. 2006; De Renzis et al. 2007). Transgenic ana-
lysis showed that CAGGTAG and related sequences were required
to rescue mutations in sisB/sc and drive expression from the SxI
promoter, demonstrating the necessity of these motifs for pro-
moting gene expression (ten Bosch et al. 2006). Furthermore, add-
ition of CAGGTAG elements to regulatory regions could promote
precocious gene expression in a manner dependent on the num-
ber of motifs, demonstrating the sufficiency of these motifs in
driving early gene activation (ten Bosch et al. 2006). Additional
support for the importance of these sequence motifs came from
the identification of their enrichment at genomic loci bound by
multiple transcription factors involved in early embryonic pat-
terning (Li et al. 2008). The identification of sequence elements
that could regulate early zygotic gene expression suggested the
existence of a sequence-specific transcription factor with a broad
role in genome activation. In 2008, Zld was isolated through its
recognition of these sequence elements in a yeast one-hybrid
screen and shown to be an essential master regulator of ZGA
(Liang et al. 2008).
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Zld is encoded by a maternally supplied mRNA and is trans-
lated within the first hour of embryogenesis (Nien et al. 2011;
Larson et al. 2022). Zld binds the genome and activates the minor
wave of transcription as early as NC8 (Harrison et al. 2011). This
binding is driven largely by sequence; 64% of Zl1d-binding motifs
are occupied at NC8-10. This sequence-driven binding may be un-
ique to the embryo. In neuroblasts of the larval brain, Zld binding
is not dependent on the CAGGTAG motif, suggesting that distinct
features that remain to be elucidated regulate Z1d binding outside
the early embryo (Larson, Komori, et al. 2021). Not all Zld-bound
targets activate transcription upon binding. Some early
Zld-bound sites do not drive expression until the major wave of
ZGA at NC14. Thus, Z1d marks these regions for subsequent acti-
vation (Harrison et al. 2011). Embryos lacking maternally contrib-
uted zld fail to complete the MZT with morphological defects
during cellularization (Liang et al. 2008). Furthermore, the loss of
maternally encoded Zld results in the downregulation of thou-
sands of genes by the end of the MZT (Liang et al. 2008; Nien
et al. 2011; McDaniel et al. 2019). Among these genes are a set of
miRNAs that target maternal transcripts for decay, including
the mir-309 cluster discussed above (Liang et al. 2008; Fu et al.
2014). Thus, Zld-mediated activation contributes to the degrad-
ation of maternal mRNAs and in so doing helps coordinate the re-
programming of the embryonic transcriptome (Fig. 1).

The open reading frame of zId codes for a 1,596 amino acid pro-
tein containing 6 C2H2 zinc fingers and a large intrinsically disor-
dered activation domain. Z1d is expressed across multiple tissue
types, including the embryo, nervous system, larval imaginal
discs, and brain (Staudt et al. 2006; Liang et al. 2008; Pearson
etal. 2012; Giannios and Tsitilou 2013). Additionally, Z1d is present
in multiple isoforms, of which the full-length protein is dominant
during the MZT (Pearson et al. 2012; Glannios and Tsitilou 2013;
Hamm et al. 2015; Reichardt et al. 2018). Mutation to the 4 zinc fin-
gers clustered in the C-terminus fails to activate transcription in a
sequence-dependent manner while mutation to the conserved se-
cond zinc finger near the N-terminus results in a hyperactive mu-
tant (Hamm et al. 2015, 2017). Embryos either lacking maternally
encoded zld or supplied with hyperactive Zld fail to complete the
MZT, indicating a delicate balance of Zld levels must be main-
tained for the embryo to reach gastrulation (Hamm et al. 2017).

Zld is a pioneer factor

The finding that Z1d targets are bound before they are transcribed,
along with the observed enrichment of CAGGTAG motifs at re-
gions bound by multiple unrelated transcription factors, sug-
gested Zld may function as a pioneer factor (Li et al. 2008;
Harrison et al. 2011; Nien et al. 2011; Satija and Bradley 2012).
Pioneer factors are particularly well suited to drive developmental
transitions, like ZGA, through their ability to bind and displace nu-
cleosomes to increase local chromatin accessibility. This induces
a permissible environment in which transcription factors can ac-
cess binding motifs to upregulate target gene expression (Zaret
2020; Larson, Marsh, et al. 2021). Zld overcomes nucleosomal bar-
riers by bindingDNA wrapped around histones and promoting
chromatin accessibility at hundreds of cis-regulatory regions
(Schulz et al. 2015; Sun et al. 2015; McDaniel et al. 2019). This
Zld-mediated accessibility facilitates the binding of multiple add-
itional transcription factors (Yanez-Cuna et al. 2012; Foo et al.
2014; Xu et al. 2014; Schulz et al. 2015; Li and Eisen 2018).

Once established, Zld remains bound to largely the same gen-
omic regions throughout the MZT despite the rapid division cycles
(Harrison et al. 2011). While many transcription factors are not

bound to the condensed mitotic chromosomes, a subset of pioneer
factors can remain bound and promote gene expression following
division, suggesting a possible mechanism for the stable Zld occu-
pancy (Caravaca et al. 2013). However, live imaging demonstrated
that Zld is not bound to chromatin during mitosis and, instead,
rapidly reengages the genome following division (Dufourt et al.
2018; Mir et al. 2018). While some genes retain a “memory” of their
prior transcriptional state through the disruptive process of mi-
tosis, Zld is not important in this process. Instead, Z1d functions
to decrease the delay in transcriptional reactivation following mi-
tosis and, in so doing, accelerate transcriptional kinetics (Dufourt
et al. 2018). Thus, Zld is a pioneer factor that promotes chromatin
accessibility, transcription-factor binding, and transcriptional
activation.

Zld pioneer activity modulates the activit}; of
morphogens essential for patterning in the
embryo

Polarity of the Drosophila body plan is initiated in the early embryo
by morphogen gradients. Bicoid (Bcd) and Dorsal (DI) are mater-
nally encoded transcription factors that are expressed in gradi-
ents across the early embryo (Johnston and Nusslein-Volhard
1992; Irizarry and Stathopoulos 2021). Bed is concentrated in the
anterior to define the developing head and thorax. Dl localization
is graded from the ventral side of the embryo, where it functions
to specify the dorsal-ventral axis. Zld is not a morphogen.
Instead, it is uniformly expressed in nuclei throughout the em-
bryo. Loss of Z1d function through either knockout or deletion of
its binding motif affects the temporal and spatial expression of
morphogen target genes, delaying and, in some cases, narrowing
the expression domain (Nien et al. 2011; Kanodia et al. 2012; Foo
etal. 2014). Z1d therefore acts upstream of Bcd and Dl as a uniform
effector of their delineated morphogen gradients, ensuring the
proper timing and spatial expression of their targets.
Zld-mediated pioneer activity is essential for the robust recruit-
ment of Bed, DI, and Twist to target enhancers (Yanez-Cuna
et al. 2012; Foo et al. 2014; Xu et al. 2014; Schulz et al. 2015; Sun
et al. 2015). As Zld binding can be used to identify early embryonic
enhancers, Zld-mediated chromatin accessibility may be general-
ly required for the binding of patterning factors, both transcrip-
tional activators and repressors (Nien et al. 2011; Fu et al. 2014).
Thus, although Zld itself is not a morphogen, it potentiates mor-
phogen activity.

The effect Zld has on morphogen-mediated activation is par-
ticularly relevant in areas of low concentration (Mir et al. 2018;
Yamada et al. 2019). In the embryo, Zld forms subnuclear hubs
that are required for the formation of hubs of other transcription
factors, such as Bcd and DI (Dufourt et al. 2018; Mir et al. 2018;
Yamada et al. 2019). Thus, Zld may function at the top of develop-
mental patterning networks by creating transcription-factor hubs
thatresultin increased accessibility at cis-regulatory regions, per-
mitting the recruitment of additional transcription factors re-
quired for specifying the Drosophila body plan.

Multiple pioneer factors are required to
initiate ZGA

Although Zld is a master regulator of ZGA and required for devel-
opment beyond NC14, additional factors function with ZlId to re-
program the early embryonic transcriptome. Initial studies
suggested roles for additional pioneer factors as not all
Zld-bound regions required Zld for chromatin accessibility.
Zld-bound regions that remained accessible in the absence of
Zld were enriched for promoters containing GA-dinucleotide
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repeats (Schulz et al. 2015; Sun et al. 2015; Blythe and Wieschaus
2016; Moshe and Kaplan 2017), a motif recognized by at
least two maternally encoded proteins, GAGA-factor (GAF)/
Trithorax-like (Trl) and Clamp (Biggin and Tjian 1988; Soruco
et al. 2013). Similar to the role of Zld in pioneering chromatin ac-
cessibility and gene expression in the early embryo, both GAF
and Clamp are required for early embryonic viability, chromatin
accessibility, and transcriptional activation (Duan et al. 2021;
Gaskill et al. 2021). Together, these pioneer factors progressively
establish chromatin accessibility during the MZT. Accessibility
is initially evident over Zld-bound enhancers. Subsequently,
GAF-bound, GA-rich promoters gain accessibility (Blythe and
Wieschaus 2016; Gaskill et al. 2021). Supporting this sequential
role for GAF and ZlId, genes that require Zld alone are enriched
for the earliest expressed genes, while those that require GAF
are expressed later during the major wave of ZGA at NC14
(Gaskill et al. 2021). Thus, Z1d is the first pioneer factor to initiate
transcription and is subsequently followed by GAF and Clamp to
further amplify transcription into the major wave. These pro-
teins access the genome largely independently, although Zld
and Clamp increase the occupancy of the other at a subset of re-
gions (Duan et al. 2021; Gaskill et al. 2021). Gene expression is pro-
gressively controlled by a series of pioneer factors. Following
NC14, the zygotically expressed Odd-paired (Opa) is required
for accessibility of regulatory elements that control gene expres-
sion changes during gastrulation (Koromila et al. 2020; Soluri et al.
2020). In contrast to Z1d, GAF and Clamp, Opa is not maternally
encoded but is expressed during NC14 and functions to specify
transcriptional networks associated with body segmentation
(Benedyk et al. 1994). Together, it is evident that early embryonic
reprogramming requires the sequential coordination of multiple
transcription factors that function to activate transcription from
the zygotic genome (Fig. 2).

Zld serves as a model to study pioneer factor
function during ZGA

While the MZT is evolutionarily conserved, Z1d is only conserved
within the Pancrustacea lineage of arthropods (Ribeiro et al.
2017). Asin Drosophila melanogaster, maternally encoded Zld drives
activation of the zygotic genome in more distantly related species
of cockroach and short-germ beetle (Ribeiro et al. 2017;
Ventos-Alfonso et al. 2018). Despite the lack of conservation at
the sequence level, since the original identification of Zld in
Drosophila, pioneer factors have been identified as activators of
the zygotic genome in frogs, fish, mice, and humans. Zebrafish
and Xenopus rely on orthologs of the Yamanaka reprogramming
factors Oct4, Sox2, and Nanog for accessibility (Lee et al. 2013;
Leichsenring et al. 2013; Gentsch et al. 2019; Larson, Marsh, et al.
2021). In zebrafish, multiple pioneer factors (Pou5f3, Sox19b, and
Nanog) function in concert to activate the developmental pro-
gram required for progression through the MZT. By contrast,
Pou5f3 and Sox3 are individually essential for early Xenopus devel-
opment (Gentsch et al. 2019). Additional pioneer factors are also
important for ZGA in Xenopus, including Foxh1 (Charney et al.
2017; Blitz and Cho 2021). In both mice and humans, the DUX
family of factors is important for activating early embryonic
gene expression but is not required for development (De Iaco
et al. 2017; Hendrickson et al. 2017). More recently, Nr5a2 has
been identified as an essential pioneer factor for early mouse de-
velopment (Gassler et al. 2022). Regardless of the conserved na-
ture of specific factors, the mechanism by which maternally
provided pioneer factors overcome nucleosomal barriers to kick-

start zygotic transcription is conserved, highlighting the power of
Drosophila as a model to understand this essential developmental
transition.

Chromatin structure during genome
activation

Within the nucleus, DNA is organized by wrapping around his-
tone octamers to form nucleosomes that can then be further
compacted. Posttranslational modifications to the histones, var-
iants in histones, nucleosome positioning, and 3D chromatin
structure all impact genome organization and gene expression.
During the MZT, the genomes of the specified gametes must
unite and be reprogrammed to totipotency. This complex pro-
cess requires dramatic changes to the genomic structure, includ-
ing rewriting of histone marks, positioning of nucleosomes, and
organizing the 3D chromatin structure, and this widespread gen-
omic reprogramming is coordinated with the activation of the
zygotic genome.

Histone marks are reestablished during ZGA

Posttranslational modifications to the unstructured tails of his-
tones incorporated into chromatin can change the structure of
the chromatinitself and provide a platform for binding by proteins
that affect gene expression. These histone modifications are high-
ly correlated with specific genomic features, such as enhancers or
promoters, and individual modifications are correlated with the
activity of these elements. Profiling of posttranslational modifica-
tions to the histone tails (H4K5ac, H4K8ac, H3K9ac, H3K18ac,
H3K27ac, H3K4mel, H3K4me3, H3K27me3, and H3K36me3) on
tightly staged embryos at multiple stages spanning the MZT
(NCs 8, 12, 14a, and 14c) demonstrated a widespread shift in the
modification state as embryos developed (Li et al. 2014) (Fig. 2).
All of the modifications (except for the replication-associated
mark H4K5ac) increased dramatically over the stages assayed.
Indeed, both H3K4me3, associated with transcriptional activity,
and H3K27me3, associated with Polycomb-mediated repression,
are largely absent during the MZT prior to NC14, suggesting tran-
scriptional activity is not dependent on these modifications (Chen
etal. 2013; Liet al. 2014). Additional studies identified 32 repressive
H3K27me3 domains that are inherited from the oocyte and persist
through the MZT (Zenk et al. 2017). In addition to evidence of ma-
ternal inheritance of H3K27me3, the histone mark H4K16ac is also
maintained from oocytes to embryos, and failure to inherit this
modification leads to defects in genome activation and 3D genome
organization (Samata et al. 2020). Thus, while the extent of inher-
ited histone modifications remains unclear, it is evident that fol-
lowing fertilization parental histones are diluted through the
multiple replication cycles, and these marks must be robustly
reestablished.

The chromatin modification state of the early embryo is also
actively reorganized to allow the partitioning of the active and si-
lent genomes. Histone acetylation on H4K8, H3K18, and H3K27ac
arises on promoters and enhancers concomitantly with gene ex-
pression, and H3K18ac at enhancers is at least partially depend-
ent on Zld (Li et al. 2014), suggesting Zld binding or
transcriptional activity might help direct this modification.
However, while there is a correlation between histone modifica-
tions and transcriptional activity, the causative relationship is
less clear. While the histone acetyltransferase Nejire (Drosophila
CBP) is required for ZGA, this activity may not be absolutely de-
pendent on its enzymatic activity (Ciabrelli et al. 2023).
Concomitant with the establishment of the active genome, silent
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heterochromatin is progressively established. H3K9me3, a mark
associated with constitutive heterochromatin, is robustly evident
at NC14 (Yuan and O’Farrell 2016). The methyltransferase Eggless
helps establish this mark at specific chromatin domains, and this
activity may require the slowing of the cell cycle for the robust es-
tablishment of H3K9me3 (Seller et al. 2019).

In addition to posttranslational modifications on histone tails,
chromatin structure can also be modulated by incorporation of
variant histone isoforms. In flies, an embryonic variant of the link-
er histone H1, dBigH1, is specifically expressed during the MZT
and is replaced by the somatic variant (dH1) during genome acti-
vation. Indeed, loss of dBigH1 results in precocious elongating
RNA polymerase and increased gene expression, suggesting a
role in limiting gene expression during the MZT (Pérez-Montero
etal. 2013). This is likely a conserved function of variant linker his-
tones, as embryo-specific H1 proteins have been identified in
mammals, frogs, zebrafish, and other invertebrates (Godde and
Ura 2009). Variants also exist in the core histones. Indeed, the
H2A variant H2A.Z (His2Av) is deposited at transcription start
sites prior to ZGA and is required for activation of housekeeping
genes at NC14 (Ibarra-Morales et al. 2021). Thus, histone variants
may function along with transcription factors to structure the
early embryonic genome and mediate gene expression (Fig. 2).

Changes in chromatin accessibility

Nucleosome occupancy and organization help to define chromatin
structure and its accessibility to chromatin-binding factors, including
the transcription factors that drive changes in gene expression. In
turn, transcription-factor binding can also influence the accessibility
landscape. Thus, chromatin accessibility is both a determinant of
transcription-factor occupancy and a reflection of the regulatory po-
tential of a locus. Determining chromatin accessibility at 3-min inter-
vals spanning NC11-13 using the assay for transposase-accessible
chromatin sequencing (ATAC-seq) identified the sequential estab-
lishment of chromatin accessibility over the MZT (Blythe and
Wieschaus 2016). These detailed assays revealed that accessibility
was maintained through mitosis and was transiently disrupted but
rapidly reestablished during the early replication cycles. Initially ac-
cessible regions were enriched for Zld-bound enhancers with
GAF-enriched promoter regions gaining accessibility during NC13.
Studies using orthogonal methods to identify accessible chromatin
domains in embryos depleted for maternal zld (micrococcal nuclease
sequencing [MNase-seq] or formaldehyde-assisted isolation of regu-
latory elements [FAIRE-seq]) demonstrated a requirement for Zld to
establish accessibility at hundreds of loci but also showed a role for
additional factors, including the ubiquitously expressed protein
GAF (Schulz et al. 2015; Sun et al. 2015). Indeed, the capacity of Zld
to bind to nucleosomes has been proposed to enable it to facilitate
the rapid reestablishment of accessibility following replication
(McDaniel et al. 2019). While Zld-mediated chromatin accessibility in-
fluences binding of the additional transcription factors, these factors
may also influence the accessibility landscape (Hannon et al. 2017;
Haines and Eisen 2018; Brennan et al. 2022). Furthermore, the rela-
tionship between accessibility and gene expression is not straightfor-
ward. Promoters of many genes are accessible throughout the
blastoderm embryo despite expression in limited domains. By con-
trast, enhancers show differences in accessibility that reflect anter-
ior-posterior biases in the expression patterns of the genes they
drive (Haines and Eisen 2018). Thus, similar to the widespread in-
crease in histone modifications over the MZT, the genome gains spe-
cific regions of accessibility that reflect the regulatory landscape of
promoters and enhancers.

Chromatin structure arises over the MZT

Apart from DNA accessibility, the 3D structure of the genome may
also influence gene expression. Briefly, the genome is organized
into both active (A) and inactive (B) compartments that are further
subdivided into smaller topologically associated domains (TADs)
(for more information, see the FlyBook Chapter; Schwartz and
Cavalli 2017). While the extent to which this 3D structure impacts
gene expression remains debated, it is clear that much of this
structure arises during the MZT (Hug et al. 2017). Given that
TADs and compartments are lost during metaphase, it is possible
that the rapid embryonic division cycles provide a barrier to the
stable formation of 3D chromatin structure. Prior to ZGA, the gen-
ome is largely unstructured with TAD boundaries being estab-
lished concomitant with recruitment of RNA polymerase II and
transcriptional activation. Despite different gene expression pro-
files, TAD boundary structure is nearly identical between the an-
terior and posterior halves of the embryo (Stadler et al. 2017).
Furthermore, RNA polymerase II activity is not required for TAD
formation, suggesting active transcription is not required for
boundary formation (Hug et al. 2017). Z1d motifs are enriched at
boundaries established during NC12-13, and Zld is required for
TAD formation at a discrete number of loci. These data provide
a connection between the local chromatin effects mediated by
Z1d and more global changes in genome organization (Hug et al.
2017; Ogiyama et al. 2018). Contact sites for later-established re-
pressive domains are enriched for GAF-binding sites, implicating
GAF in organizing the 3D genome following the MZT (Ogiyama
et al. 2018). Contrary to this prediction, GAF is dispensable for
TAD formation but has a role in facilitating the interactions be-
tween promoters and enhancers mediated by tethering elements
(Gaskill et al. 2021; Batut et al. 2022; Levo et al. 2022; Li et al. 2023).
Because TADs are largely maintained throughout development
and between cell types, these data suggest that some 3D structure
is organized concomitantly with the activation of the zygotic gen-
ome during the MZT.

Phase separation may facilitate the 3D organization of chroma-
tin within the nucleus. Multivalent interactions between low-
complexity protein domains have been shown to promote the con-
densation of proteins and nucleic acids to form membraneless or-
ganelles. A major component of constitutive heterochromatin,
Heterochromatin Protein 1 (HPla), can phase separate in vitro
and forms phase separated foci in vivo along with the establish-
ment of heterochromatin during NC13-14 (Strom et al. 2017).
This is likely instructive in promoting the compartmentalization
of chromatin as loss of HP1a leads to a decrease in segregation be-
tween the active A compartment and the inactive B compartment
(Zenk et al. 2017). Nonetheless, not all foci are mediated through
multivalent interactions by low-complexity domains. In addition
to acting as a pioneer factor to activate the zygotic genome, GAF
is instrumental in promoting silenced heterochromatin at highly
abundant AAGAG simple satellite repeats. In this case, it is the
DNA binding of GAF that localizes it to these repeats, rather
than low-complexity regions of the protein (Gaskill et al. 2023.
Together, these data demonstrate that multiple mechanistic fea-
tures drive the segregation of the active and inactive genome dur-
ing the MZT.

Outlook and future directions

Over the first few hours following fertilization, the embryo must
rapidly transition from maternal-to-zygotic control of develop-
ment. This rapid and efficient reprogramming requires the precise
coordination of multiple processes, including the division cycle,
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Box 2. Tools for studying genome activation (see Fig. 4)

The essential nature of factors present during the MZT makes
maternal depletion experiments a challenge in many model
systems. Maintaining homozygous mutants is impossible as
animals fail to survive to adulthood or result in female
infertility. The Drosophila system is particularly suited to
circumvent these problems through genetic tools that restrict
maternal depletion to early embryo development. Adaption of
the recombinase FLP/FRT system revolutionized early
developmental genetics through the generation of germline
mutant clones and has been used to study quintessential ZGA
players like Zld (Theodosiou and Xu 1998). Knock-down of
maternal mRNA via RNA interference has been optimized
through the use of the GAL4/UAS system in which maternal
GAL4 drivers restrict the expression of a short hairpin RNA to
the oocyte for targeted depletion by the RNA-induced silencing
complex (Staller et al. 2013). Maternal factors can also be
knocked down at the protein level through maternal expression
of deGradFP. This transgene codes for a F-box protein fused to a
GFP nanobody that intercalates with the fly’s endogenous E3
ubiquitin ligase complex to ubiquitinylate GFP-tagged proteins
and mark them degradation (Caussinus et al. 2012; Gaskill et al.
2021) (Fig. 4a). A related strategy, called JabbaTrap, utilizes a
GFP nanobody fused to Jabba to sequester GFP-tagged proteins
to lipid droplets. This prevents their localization to the nucleus
and results in a failure to activate targets (Seller et al. 2019)
(Fig. 4b). In addition to maternal depletion, visualization and
isolation of endogenous maternal factors have become
relatively straightforward with CasS-mediated genome-editing
strategies, allowing researchers to tag seemingly any maternal
protein of interest (Gratz et al. 2013). The lack of pigmentation
in the Drosophila embryo makes live imaging of fluorescently
tagged proteins easy. Expression of a fluorescently tagged
histone can be used to measure nuclear density and therefore
to precisely stage developmental timing (Fig. 2). Transcription
can be imaged in live embryos using MS2-tagged reporters. In
this approach, MS2 stem loops are added to the coding
sequence of interest. When expressed as RNA, these loops are
bound by transgenically expressed and fluorescently labeled
MS2-coat protein (MCP). As RNA polymerase II transcribes the
MS2 loops, MCP binds the secondary loop structure and serves
as a visual readout of nascent transcription in vivo (Garcia et al.
2013; Gregor et al. 2014) (Fig. 4c). Finally, protein function can be
manipulated with light-sensitive tags that act immediately
upon stimulation and are not limited by the requirement for
specific drivers like the previously mentioned depletion
strategies. The plant derived CRY2 optogenetic tag has been
used to inactivate endogenously tagged maternal proteins like
Bcd and Z1d during ZGA after blue-light treatment of embryos
through ZGA (Huang et al. 2017; McDaniel et al. 2019).
Optogenetic regulation of nuclear localization is a powerful
strategy to control transcription factor activity (Kogler et al.
2021) (Fig. 4d). In addition, blue light can be used to induce
release of a degradation signal with temporal precision (Irizarry
et al. 2020). The ever-expanding toolkit for studies in Drosophila
has ensured that the model remains an essential system for
defining the mechanisms driving the MZT.

maternal mRNA decay, degradation of maternally provided pro-
teins, and activation of transcription from the zygotic genome.
The robust regulation of these processes is, in part, mediated
through their interdependence (Fig. 1). Additionally, in
Drosophila, stabilization of the Png kinase links progression
through the MZT to egg activation and helps ensure the coordi-
nated timing of all the processes required for this essential transi-
tion. By phosphorylating proteins involved in translational
regulation, the Png kinase promotes translation of a large number
of genes, including cyclin B, smg, zId, and kdo, which are required for
the division cycle, mRNA degradation, ZGA, and protein degrad-
ation, respectively (Tadros et al. 2007; Vardy and Orr-Weaver

2007; Kronja, Yuan, et al. 2014; Zavortink et al. 2020; Larson et al.
2022) (Fig. 1). Decades of study in Drosophila have demonstrated
that slowing of the division cycle, degradation of maternal pro-
ducts, and transcriptional activation of the zygotic genome are
each required for development and identified the importance of
pioneer transcription factors in this reprogramming event. As in
the past, it is evident that studies in Drosophila will continue to
pave the way in understanding the processes that drive the
MZT. Whether it is through the use of state-of-the-art imaging
of transcriptional dynamics, determination of single-molecule dy-
namics, powerful gene-editing strategies, or detailed genomic
methodologies, Drosophila will be at the forefront of determining
the mechanisms of this essential, conserved developmental tran-
sition (see Box 2).
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