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Control of zygotic genome activation in Xenopus

Ira L. Blitz*, Ken W.Y. Cho*

Department of Developmental and Cell Biology, University of California, Irvine, CA, United States

Abstract

The fertilized frog egg contains all the materials needed to initiate development of a new 

organism, including stored RNAs and proteins deposited during oogenesis, thus the earliest stages 

of development do not require transcription. The onset of transcription from the zygotic genome 

marks the first genetic switch activating the gene regulatory network that programs embryonic 

development. Zygotic genome activation occurs after an initial phase of transcriptional quiescence 

that continues until the midblastula stage, a period called the midblastula transition, which was 

first identified in Xenopus. Activation of transcription is programmed by maternally supplied 

factors and is regulated at multiple levels. A similar switch exists in most animals and is of 

great interest both to developmental biologists and to those interested in understanding nuclear 

reprogramming. Here we review in detail our knowledge on this major switch in transcription in 

Xenopus and place recent discoveries in the context of a decades old problem.

1. Introduction

Zygotic genome activation (ZGA), the first burst of transcription in an embryo, marks 

the initiation of the new organism’s gene regulatory network (GRN) hierarchy and thus 

is the first translation of the embryonic genotype into phenotype. In amphibians, like in 

most animals, much of early development is initially controlled by maternally supplied 

factors that program the events of ZGA. Eggs contain the raw materials to “unpack” and 

reprogram the incoming sperm nucleus, transforming it from a genome bound by protamines 

to one that, like the egg genome, is wrapped in nucleosomes. Following fertilization, 

the Xenopus zygote undergoes a regular series of embryonic cleavage divisions, without 

growth in volume, creating a multicellular blastula composed of pluripotent cells. These 

cells quickly differentiate to form the primary germ layers, which occurs simultaneous 

with the early specification of the embryonic dorsal-ventral and anterior-posterior axes, 

and then subdivision of these axes into the organ primordia needed to create the adult 

organism. For more than 60 years, embryos of the allotetraploid frog Xenopus laevis have 

been a model system to study fundamental questions in biology, uncovering the molecular, 

cellular and developmental biology of the early vertebrate embryo. More recently, the 

diploid frog Xenopus tropicalis has also entered into wide use (Harland & Grainger, 2011). 

Both frogs have contributed to studies of the maternal-to-zygotic transition (MZT), the 

mother-to-embryo hand off in genetic control, and provide insights impacting biological 

questions in many other systems.

*Corresponding authors: ilblitz@uci.edu; kwcho@uci.edu. 

HHS Public Access
Author manuscript
Curr Top Dev Biol. Author manuscript; available in PMC 2023 January 29.

Published in final edited form as:
Curr Top Dev Biol. 2021 ; 145: 167–204. doi:10.1016/bs.ctdb.2021.03.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



During the cleavage stages, embryonic genomes are initially transcriptionally inactive, with 

a major burst of zygotic transcription beginning during blastula stage. New transcription 

begins shortly before germ layer specification and is required for initiation of the 

massive tissue rearrangements of gastrulation (Newport & Kirschner, 1982a). The major 

transcriptional burst of ZGA coincides with other changes in the early embryo including a 

switch from synchronous to asynchronous cell divisions, a slowing of the cell cycle, and an 

acquisition of cell motility (Newport & Kirschner, 1982a). This collection of changes was 

recognized as an important moment in development and named the midblastula transition 

(MBT) (Gerhart, 1980; Newport & Kirschner, 1982a; Signoret & Lefresne, 1971). Thus, 

ZGA and MBT are part of the larger MZT, the broader series of events comprising the 

handoff of maternal-to-zygotic control. The transcriptional switch, ZGA, is not only an 

interesting phenomenon in early embryogenesis, but also provides an attractive model to 

study genetic and epigenomic transcriptional regulatory mechanisms that have relevance 

across all of biology. We recommend a number of excellent reviews that provide a multi-

species overview of the MZT and ZGA ( Jukam, Shariati, & Skotheim, 2017; Lee, Bonneau, 

& Giraldez, 2014; Wu & Vastenhouw, 2020; to name a few). Here we specifically review the 

regulation of transcription at ZGA in Xenopus, permitting a deeper dive into the literature 

within this one system, including exciting new findings that enhance our understanding of 

this important genetic switch.

2. On the biology of zygotic genome activation

2.1 Characteristics of early Xenopus embryos

Two different Xenopus species are in common use today. Their early morphology, 

developmental/molecular mechanisms, and transcriptome dynamics are very similar 

(Harland & Grainger, 2011; Yanai, Peshkin, Jorgensen, & Kirschner, 2011), and we consider 

the early embryology of these species to be relatively interchangeable. A comparison of their 

features can be found in Table 1. Following fertilization, the first cell cycle, demarcated 

by initiation of first cleavage, ends at ~1.5h postfertilization (hpf ) in X. laevis and ~1.25 

hpf in X. tropicalis. The subsequent cleavages are metasynchronous—cleavage of larger 

vegetal blastomeres slightly lags behind the smaller animal blastomeres (Chen, Einstein, et 

al., 2019; Satoh, 1977). The early cleavages are noteworthy for lacking G1 and G2 phases, 

and thus rapidly cycle between S and M (Gerhart, 1980). Time lapse videomicroscopy of the 

animal hemisphere reveals that, following the 12th cleavage (~4000 cell stage) when MBT 

is reached, X. laevis cell cycles slow and become asynchronous. Embryos begin to gastrulate 

~25min after the 14th cleavage (Satoh, 1977), probably containing ~16,000 cells. The cell 

cycle times get progressively longer over several divisions and cycles acquire G1 and G2 

phases (Gerhart, 1980; Newport & Kirschner, 1982a; Satoh, 1977).

2.2 ZGA: Revealing the phenomenon

The first successful measurements of RNA synthesis in vertebrate embryos were performed 

in Xenopus laevis. Injection of adult females with radiolabeled sodium phosphate resulted 

in incorporation into newly synthesized RNA in developing oocytes, and then embryos 

derived from these (Brown & Littna, 1964a, 1964b). During development, labeled 28S 

rRNA was first detected at early gastrula stage, albeit weakly, and increased thereafter. 
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Newly synthesized tRNA (4S RNA) and a high molecular weight RNA class was also 

detected in the period of midblastula to early gastrula (Brown & Littna, 1966a, 1966b). 

By bisecting de-jellied embryos to expose the interior to 3H-labeled uridine, transcription 

was shown to be lacking during early cleavage stages and newly synthesized transcripts 

were first detected at stage 8.5 (Bacharova & Davidson, 1966; Bachvarova, Davidson, 

Allfrey, & Mirsky, 1966). These studies showed that synthesis of both high molecular 

weight RNAs (mRNA) and tRNA begins in blastula stage embryos and confirmed that 

ZGA begins around the 12th cleavage. A two-hour pulse labeling demonstrated that mRNA 

and tRNA are synthesized in both animal and vegetal halves (Woodland & Gurdon, 1969), 

while rRNA incorporated radiolabel at a very low rate and apparently only in the animal 

pole.(Knowland,1970) confirmed the timing of tRNA expression and found that rRNA 

synthesis, transcribed by RNA polymerase I (RNAPI), is insignificant until late gastrula 

stage 12. Since mRNA and tRNA are synthesized by RNA polymerases II (RNAPII) and III 

(RNAPIII), respectively, these observation suggests that the timing of transcriptional onset 

by both of these polymerases might be affected by a common mechanism.

The spatial distribution of zygotic RNA synthesis was examined by autoradiographic 

analysis of sectioned embryos (Bacharova & Davidson, 1966). Counting silver grains per 

nucleus (a measure of radioisotopic decay) in each germ layer revealed more isotopic 

incorporation in endodermal and mesodermal nuclei than in ectoderm, and their first 

appearance occurred around midblastula stage 8.5 but not before. By microinjecting 32P-

labeled rUTP, the timing of incorporation was confirmed to occur after 12th cleavage 

(stage 8.5). Gel autoradiography resolved labeled 4S, 5S, 7S, Ul and U2 snRNAs 

(Newport & Kirschner, 1982a), but no incorporation into RNAPI-synthesized 18S or 

28S rRNAs was detected until late gastrula/early neurula stages. Autoradiography also 

revealed that transcription begins in all cells relatively synchronously. Importantly, low-level 

incorporation of labeled rUTP occurs before MBT into high molecular weight RNA, 

and this transcription is sensitivity to low doses of α-amanitin, suggesting this to be 

RNAPII-dependent mRNA synthesis (Bacharova & Davidson, 1966; Kimelman et al., 1987; 

Nakakura, Miura, Yamana, Ito, & Shiokawa, 1987; Shiokawa et al., 1989). Since the level 

of pre-MBT labeling was extremely low compared to that at MBT, it became clear that 

the major burst of transcription at stage 8.5 marks an important biological switch—a major 

transition in the RNA biosynthetic machinery. It is important to note that ZGA does not 

occur at MBT in the small population of primordial germ cells, which are intermixed within 

the vegetally localized endoderm of the blastula, and transcription is repressed in these 

specialized cells until early neurula stage (Venkatarama et al., 2010).

The spatial onset of ZGA has recently been revisited using new techniques, which suggest 

that the view presentedabove needs revision. Metabolic labeling employing 5-ethynyl 

uridine (5-EU), an alkyne-modified ribonucleotide, permits use of “click” chemistry to 

visualize spatial expression of newly synthesized RNA. 5-EU labeled “bulk RNA” was 

visualized with confocal microscopy to show that nascent RNA synthesis in X. laevis 
embryos begins in cells located at the extreme animal pole (ectoderm) by cell cycle 12 

(Fig. 1), and gradually progresses vegetally until reaching the vegetal pole cells (endoderm) 

during cell cycle 14 (Chen, Einstein, et al., 2019). Cell numbers were monitored during 

this period to show that it takes ~80 additional minutes for vegetal cells to undergo the 
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13th division and ~8000-cell embryos contain populations of cells that have completed 

12th, 13th, and 14th divisions. Because 5-EU signal was sensitive to low dose α-amanitin, 

most or all of this labeling represents synthesis by RNAPII. While this result, on its 

face, seems contradictory to the silver grain counting data discussed above (Bacharova 

& Davidson, 1966; Newport & Kirschner, 1982a), these studies can be reconciled by 

assuming that measuring radioisotope incorporation is more sensitive to very low levels 

of incorporation (see also Section 2.3) than confocal fluorescence measurements. Thus, 

pre-MBT transcription was not detected in the recent study by Chen, Einstein, et al. (2019), 

and the bulk of ZGA at MBT shows an animal-to-vegetal spatial progression (Fig. 1). These 

recent findings add a new perspective on ZGA regulation that are discussed in Section 2.4.

2.3 Transcribing to the beat of a different drummer: Pre-MBT gene expression

While low level metabolic labeling was observed before the burst at MBT, conclusive 

demonstration that some genes are expressed before MBT required injecting very high doses 

of 32P-rUTP, combined with long exposure gel autoradiography (Kimelman et al., 1987). 

Incorporation into high molecular weight RNA was shown to occur in X. laevis as early as 

the 128-cell stage (~4hpf, 7th cleavage) and these conclusions were confirmed and extended 

to one cycle earlier, by the 64-cell stage (Nakakura et al., 1987; Shiokawa et al., 1989). 

Pre-MBT incorporation was subsequently shown to represent polyadenylated (polyA+) RNA 

(Yang, Tan, Darken, Wilson, & Klein, 2002).

Pre-MBT transcription came into sharper focus when nodal5 and nodal6, encoding ligands 

of the Tgfβ superfamily, became the first genes identified to be transcribed before MBT 

(Blythe, Cha, Tadjuidje, Heasman, & Klein, 2010; Skirkanich, Luxardi, Yang, Kodjabachian, 

& Klein, 2011; Yang et al., 2002). nodal5/6 mRNAs are detected by reverse transcriptase-

polymerase chain reaction (RT-PCR) as early as 128–256 cell stage (cell cycles 7–8, 5–6 

cleavage divisions before the major onset of ZGA during the MBT), but not before (Yang 

et al., 2002). These genes are dorsovegetally expressed and regulated by the maternal Wnt 

signaling cascade. Blockade of Wnt signaling effectors during the 32–64-cell stage inhibited 

the expression of both nodal5 and nodal6 and also disrupted normal dorsal specification, 

while LiCl hyper-activated their expression (Blythe et al., 2010; Skirkanich et al., 2011; 

Yang et al., 2002). Similarly, various manipulations of the Nodal signaling pathway 

also showed that pre-MBT activation of Nodal signaling is necessary for transcriptional 

activation of pathway targets at these early stages (Skirkanich et al., 2011). These studies 

taken in combination provided strong evidence that pre-MBT transcription is functionally 

important for normal embryogenesis.

More recently, RNA-seq has enabled a more expansive view into the spatiotemporal 

dynamics of the Xenopus transcriptome spanning ZGA in both X. tropicalis and X. laevis 
(Collart et al., 2014; Owens et al., 2016; Paranjpe, Jacobi, van Heeringen, & Veenstra, 2013; 

Peshkin et al., 2015; Session et al., 2016; Tan et al., 2013; Yanai et al., 2011). These studies 

verified that the bulk of new RNA synthesis, including both messenger and long noncoding 

(Forouzmand et al., 2017; Paranjpe et al., 2013; Tan et al., 2013) RNAs, in X. tropicalis, 

begins around 4–4.5hpf (stages 8–9), in good agreement with the timing of the of MBT 

at stage 8.5 in X. laevis. From a high temporal resolution RNA-seq dataset incorporating 
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spike-in RNAs, we have a quantitative view of the kinetics of this process (Fig. 2, top) 

measured in numbers of transcripts per embryo (Owens et al., 2016). In addition to nodal5 
and nodal6, transcripts of nodal3 and the sia1 and sia2 homeobox genes are detectable 

pre-MBT and as early as the 32- to 128-cell stages (~2.5–3.5hpf, cell cycles 5–7; see also 

figure S7 of Owens et al., 2016).

A drawback to standard methods of bulk RNA-seq is that it is difficult to distinguish 

between pre-existing maternal RNAs and newly synthesized message. Such discrimination 

can be achieved by metabolic labeling and subsequent purification of the labeled nascent 

RNA followed by RNA-seq, which also offers higher sensitivity. By microinjecting 5-EU 

into X. laevis embryos and performing RNA-seq on labeled RNA at late blastula (stage 9), 

1315 newly transcribed genes were identified (a ~fourfold increase in sensitivity) (Chen, 

Einstein, et al., 2019). A similar approach in X. tropicalis using 4-thiouracil (4-TU) labeling 

identified mRNA representing 27 zygotically expressed genes as early as 32-cell stage, 144 

genes by 128-cell stage, and 1044 genes by 1024-cell stage (Gentsch, Owens, & Smith, 

2019). Interestingly, the genes transcribed pre-ZGA were shorter at 32 cell, with an average 

length of 1kb, than the ~6kb genes transcribed at 1024 cell. Early expressed zygotic genes in 

zebrafish are also shorter than those expressed later (Heyn et al., 2014).

Newly identified genes by 4-TU labeling play roles in nucleosome assembly, nucleic acid 

synthesis and translation, and also encode a number of zinc finger transcription factors 

(TFs) and pri-mir427 (Gentsch, Owens, & Smith, 2019; Owens et al., 2016). Similarly, 

transcription of the orthologous mir430, and also numerous zinc finger TFs occurs very 

early in zebrafish ZGA (Heyn et al., 2014; White et al., 2017). Interestingly, genes known 

to be responsive to Nodal (e.g., sox17a/b, lefty, mix1) and Bmp signaling (e.g., ventx2.2) 

were transcribed prior to MBT (Gentsch, Owens, & Smith, 2019). Smads are intracellular 

signal transducers for Nodal and Bmp signaling cascades and are phosphorylated upon 

ligand binding to receptors. Previous findings indicated that phosphorylation of Smads are 

not detected until ZGA (Faure, Lee, Keller, ten Dijke, & Whitman, 2000; Lee, Heasman, 

& Whitman, 2001; Saka, Hagemann, Piepenburg, & Smith, 2007; Schohl & Fagotto, 2002). 

The discrepancy of the timing of Smad phosphorylation by Nodal and Bmp signaling with 

target gene activation suggests that these genes are initially weakly activated pre-MBT, 

perhaps independent of Smad function, but become further activated in response to these 

ligands at MBT. Alternatively, the antibody-based in situ methods (histochemical staining 

and fluorescence) previously used to demonstrate Smad phosphorylation were not sensitive 

enough to detect activation at earlier stages. Support for the latter notion has been provided 

by Skirkanich et al. (2011), who showed that Nodal-Smad2/3 signaling is active pre-MBT 

and that immunoprecipitation followed by western blotting can detect phospho-Smad2/3 

at these earlier stages, consistent with the nascent RNA-seq results. These new data from 

4-TU labeling suggest that further investigation is needed to determine the onset of Smad1/9 

phosphorylation and Bmp signaling activity before MBT.

These observations provide strong evidence that while most zygotic transcription does occur 

at MBT, there is a smaller set of genes that are transcribed and functionally relevant before 

the major burst of ZGA. Pre-MBT transcription suggests that there must be something 
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special about regulation of these genes, perhaps serving as a key regulatory node controlling 

the earliest zygotic gene regulation.

2.4 Models for regulation of ZGA timing: Repression and nuclear (DNA)-to-cytoplasmic 
ratio

Early evidence that the pre-MBT embryo is in a transcriptionally repressed state came 

from nuclear transplantation experiments. When nuclei from neurula stage embryos are 

transplanted into enucleated eggs, transcription off genomes from the incoming nuclei 

was rapidly silenced (Gurdon & Woodland, 1969). Expression of mRNA and tRNA 

was then reactivated in accordance with the normal timing of MBT in these embryos. 

These observations suggest that a maternally expressed repressor(s) maintains the genome 

in an inactive state, and transcriptional activation during MBT is likely to involve a 

developmentally programmed alleviation from negative regulation.

Newport and Kirschner (1982a) argued that because dissociated blastomeres begin 

transcription at the same time as intact sibling controls, the timing mechanism must be 

cell autonomous. Inhibitors of cytokinesis still permitted continued DNA replication on 

schedule, with the usual slowing at MBT, and concomitant with on-time transcription. 

Furthermore, by creating a constriction in the embryo during early cleavage stages they 

could asymmetrically partition nuclei into daughter cells, creating two half-sized embryos 

with different numbers of nuclei, and each with roughly half the cytoplasm. Half embryos 

containing more nuclei underwent ZGA earlier than normal, while those with fewer 

nuclei had delayed ZGA. From these observations, they concluded that ZGA is not likely 

controlled by counting rounds of DNA replication or through the use of a developmental 

clock/timer, but mostly likely utilized a measuring of nuclear-to-cytoplasmic (N:C) ratio. 

Consistent with this model, ZGA occurs prematurely in polyspermic embryos (Newport 

& Kirschner, 1982a), which also show premature hyperphosphorylation on the C-terminal 

domain of the large subunit of RNAPII (Palancade, Bellier, Almouzni, & Bensaude, 2001). 

Polyspermic embryos created from ~7 sperm showed initiation of ZGA one cell cycle earlier 

than normal, which is the number predicted if embryos used a mechanism measuring N:C 

ratio (Newport & Kirschner, 1982a). Thus, during normal embryogenesis the increase in 

N:C ratio achieved by midblastula stage overcomes the inhibition of ZGA present during 

cleavage and early blastula stages, when fewer nuclei are present in a larger cytoplasmic 

volume.

Sensing of N:C ratio might occur by stoichiometric titration of a maternally supplied 

repressor in the cytoplasm, and the increasing DNA content at each cell cycle was proposed 

as a titration mechanism (Newport & Kirschner, 1982b). Microinjection of 1ng per embryo 

of plasmid containing a yeast leucine tRNA gene results in its immediate transcription 

that is rapidly silenced (within 1–2h) (Newport & Kirschner, 1982b). However, when the 

embryos reached MBT, transcription from the dormant plasmid was reactivated alongside 

the endogenous genome. Injected DNA remains extrachromosomal and therefore control 

of the plasmid’s reactivation is not occurring in cis, but instead trans acting factors must 

be involved in both early activation/repression. Derepression of transcription from this 

plasmid could be reversed by coinjecting 24ng of competitor plasmid to titrate repressor. 
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This corresponds to the amount of DNA equivalent to the number of nuclear genomes 

present after 12 embryonic cleavages. Since tRNA genes are transcribed by RNAPIII, a 

plasmid reporter containing an RNAPII-regulated gene was also examined. Use of the 

Xenopus myc (c-myc) promoter, and others dependent on RNAPII, confirmed the findings 

from the RNAPIII-driven leucine tRNA gene (Almouzni & Wolffe, 1995; Prioleau, Huet, 

Sentenac, & Mechali, 1994; and references therein). Taken together, these results suggest 

that transcription by both RNAPII and III is repressed during the pre-MBT period, and that a 

titratable repressor present in a fixed cytoplasmic volume is depleted by increasing numbers 

of genomes as embryos undergo rounds of DNA replication. More recent experiments 

employing precise measurements of nuclear volumes across early cleavage stages, in 

conjunction with overexpression of factors that alter nuclear volume, have supported the 

interpretation that embryos measure the N:C, and/or DNA-to-cytoplasmic (DNA:C) ratio 

(Jevtić & Levy, 2015, 2017). Further discussion of DNA:C ratio can be found in Section 3.6.

Due to the gradation of yolk distribution in mesolecithal Xenopus embryos, N:C ratios are 

not uniform throughout the embryo. Cell volumes differ along the animal-vegetal axis of the 

embryo and this raises questions about the role of N:C ratio in regulation of ZGA timing. 

As the embryo enters MBT there is ~50- to 100-fold difference in volume between the 

largest vegetal cells and the smallest animal cells (Fig. 1) (Chen, Einstein, et al., 2019; 

Newport & Kirschner, 1982a). To address this issue of ZGA regulation, X. laevis nascent 

RNAs were metabolically labeled with 5-EU to allow for biotinylation and imaging by 

confocal microscopy (Chen, Einstein, et al., 2019). This permitted direct bulk visualization 

of nascent transcripts at the single cell level in whole, unmanipulated, fixed embryos at 

various stages of early development. This approach revealed that animal-most cells begin 

transcription during the 12th cleavage cycle (~4000 cells), but not in more vegetal cells 

(Fig. 1). As development continues, cell labeling gradually moves toward the vegetal pole, 

with vegetal cells beginning transcription late in the 13th cycle (~8000 cells). By ~16,000 

cell stage (log2 cell number=14), ~80% of all cells were labeled with 5-EU. Low dose 

α-amanitin blocked most incorporation, supporting the notion that the signal is due to 

RNAPII dependent transcription. Analysis of cell sizes during cell cycle 13 showed that 

when diameters drop below ~40μm, transcription dramatically increases, whereas cells more 

vegetally with sizes ~50μm fail to incorporate 5-EU. Cells with an ~6-fold difference 

in volume showed 20-fold difference in 5-EU incorporation. This translates to an ~4.5 

cell cycle difference from the onset of ZGA in the animal-most cells until vegetal-most 

cells decrease to a size permitting transcription. Interestingly, measurements of cell size 

at the corresponding onset of ZGA in vegetal cells (~14K+ cells) shows that they begin 

transcription at ~62μm. The relative concentrations of histones between the animal and 

vegetal poles were also examined. If the quantity of histones was lower vegetally than 

animally, then their repressive effects(see Section3.6) would be titrated at a lower DNA 

concentration and ZGA would commence when the cell volume was larger than animally. 

Quantitative western blots for H2b, H3 and H4 showed all three are present at higher levels 

(averaging ~1.6-fold) animally than vegetally during this period. A combination of careful 

measurements and computational modeling showed that achieving the appropriate threshold 

cell size fits the observed spatiotemporal pattern of 5-EU incorporation the best. These 

researchers argued that their data, which also involved repeating the Newport and Kirschner 
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constriction experiment with 5-EU incorporation, and modeling, rules out multiple other 

scenarios including models based on a global timer, spatial position, a mitotic gradient, 

and a cell cycle counter. Since cleavage of cytoplasm into smaller volumes occurs without 

growth of the embryo, such a mechanism allows for a cell size dependent sensor.

Finally, none of these models provide an explanation for pre-MBT transcription occurring 

at the 32–128 cell stages, discussed in Section 2.3, nor the transcription of pri-mir427, also 

an RNAPII-dependent process, which begins as early as the 8-cell stage (Lund, Liu, Hartley, 

Sheets, & Dahlberg, 2009; Owens et al., 2016; N. Owens et al., unpublished observations). 

Therefore, a subset of genes are likely to be operating by different rules than those we have 

discussed so far.

3. Regulation of RNA polymerase II-mediated transcription

3.1 Regulation of RNA polymerase activity

In the large volumes of mature X. laevis oocytes, RNAPII is present at 104–105 the levels of 

normal somatic cells, and RNAPII from both oocytes and cleavage stage embryos possesses 

in vitro transcriptional activity on various promoter DNA templates (Roeder, 1974; Toyoda 

& Wolffe, 1992). Therefore, RNAPII is both present, and the bulk of the polymerase is in 

a transcriptionally capable state, before MBT. Is RNAPII positioned on promoters before 

ZGA and waiting for a trigger to begin transcription? A timecourse of ChIP-seq covering 

blastula stages 7, 8, 9 and early gastrula stage 10.5 found that RNAPII covers “gene bodies” 

(transcription units) starting around stage 8 (Fig. 2), with signal detected at stage 7 only 

on genes expressed pre-MBT (Charney, Forouzmand, et al., 2017; Charney, Paraiso, Blitz, 

& Cho, 2017; Gentsch, Owens, & Smith, 2019; our unpublished observations). A small 

number of genes show RNAPII engaged as early as stage 6 (Gentsch, Owens, & Smith, 

2019). Thus far, no clear evidence has been found supporting the notion that RNAPII 

is pre-loaded on the promoter regions of genes at any stage examined. This observation 

appears to rule out models whereby either RNAPII is pre-bound at promoters in a poised 

state, or is paused downstream of cap sites.

Phosphorylation of the large subunit of RNAPII, Polr2a, occurs on serines 2 and 5 of its 

C-terminal domain (CTD) repeats and westerns using antibodies specific to the phospho-

forms suggest very low levels before MBT, but abundant levels of both phosphoserine 2 

and 5 appear at MBT (Palancade et al., 2001; Veenstra, Destrée, & Wolffe, 1999; Veenstra, 

Mathu, & Destree, 1999; Toyoda & Wolffe, 1992). This suggests that while RNAPII is 

capable of functioning in transcription, it is not activated by CTD kinases to any large 

extent until ZGA has begun. However, a small fraction of total RNAPII is engaged in 

transcription before MBT and therefore might be missed in western blots. Overall, these data 

are consistent with observations described above that RNAPII is not present on most genes 

to any significant extent before ZGA (Charney, Forouzmand, et al., 2017; Charney, Paraiso, 

et al., 2017; Gentsch, Owens, & Smith, 2019). Therefore, it seems that fully functional RNA 

polymerases and their associated cofactors are available in advance of ZGA and that there is 

a failure to recruit polymerase pre-initiation complexes to gene promoters. Since there are a 

small number of genes that are expressed before MBT, these must rely on a different set of 

rules to overcome genome-wide repression of transcription.
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3.2 Regulation of TF nuclear localization

Many proteins with nuclear functions that are present in the egg and cleavage stages are 

cytoplasmically localized and enter the nucleus in the late blastula stage (Dreyer, 1987). 

This raises the possibility that cytoplasmic anchoring and timed nuclear translocation of 

transcriptional machinery controls the onset of ZGA at MBT. The TFs Mier1 and Pou2f1 

are cytoplasmically anchored until MBT (Luchman, Paterno, Kao, & Gillespie, 1991; Post, 

Luchman, Mercer, Paterno, & Gillespie, 2005; Veenstra, Mathu, et al., 1999), as is Cbtf122 

(Ilf3), a subunit of maternal CCAAT-binding factor (Brewer, Guille, Fear, Partington, & 

Patient, 1995). Cbtf122 binds RNA in the cytoplasm, anchoringit until late blastula stage 

9,andby early gastrula stage 10 it is released and translocates to the nucleus (Brzostowski 

et al., 2000). Xnf7, which may function in transcription, is cytoplasmically anchored and 

released upon phosphorylation (Li, Shou, Kloc, Reddy, & Etkin, 1994; Miller et al., 1991). 

In the case of Mybl2, its nuclear localization signal is actively masked, preventing transport 

across the nuclear pore complex (Humbert-Lan & Pieler, 1999). TF release from anchoring 

complexes is likely to be an important step in regulating the timing of target gene expression 

and therefore ZGA, but this hypothesis has yet to be formally tested.

Importantly, not all TFs are prevented from nuclear entry before the onset of ZGA. For 

example, all three Xenopus RNA polymerases are localized in the nucleus before MBT 

(Roeder, 1974). Ctnnb1 (β-catenin), Foxh1, Otx1, Sox3, and Vegt, have all been shown to 

be nuclear (either directly or have been demonstrated to be bound to enhancers) between 

the 16 and 64 cell stages (Charney, Forouzmand, et al., 2017; Charney, Paraiso, et al., 

2017; Gentsch, Spruce, Owens, & Smith, 2019; Larabell et al., 1997; Paraiso et al., 2019; 

Stennard, Zorn, Ryan, Garrett, & Gurdon, 1999). These examples suggest that many TFs 

might have access to the nuclear genome shortly after fertilization (Fig. 2). Some TFs 

require signaling to break free of their cytoplasmic anchors and enter the nucleus and thus 

the signal controls this timing. Smad2 is C-terminally phosphorylated prior to ZGA in 

response to overexpressed Nodal5 and Activins, but not Nodal1, and immunoprecipitation 

followed by western blotting detected phospho-Smad2 prior to ZGA (Faure, Lee, Keller, 

ten Dijke, & Whitman, 2000; Skirkanich et al., 2011). While Smad2 can be efficiently 

activated before MBT upon overexpression of ligands, Smad1 fails to be phosphorylated 

until MBT, even when Bmps are overexpressed (Faure et al., 2000). This suggests that 

Smad1’s cytoplasmic localization is regulated by a factor that only permits activation at 

or after ZGA. In summary, while clearly many TFs do access nuclear chromatin before 

ZGA, the timing of translocation of some may be a regulated step. For most, the role of 

such regulation of nuclear translocation in controlling the timing of transcriptional activation 

remains to be established. A time course using quantitative proteomics would be valuable 

to explore the temporal dynamics of TF protein expression levels, and proteomics on nuclei 

(Amin et al., 2014; Peshkin et al., 2015, 2019; Wühr et al., 2014, 2015) would be critical to 

providing a global view of nuclear localization of the entire TF repertoire in the buildup to 

ZGA.

3.3 Regulation of TF translation

RNA-seq shows that all of the machinery critical for transcription appears to be expressed 

in the oocyte, from subunits of the RNAPII, general transcription factors (Gtfs) involved in 
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formation of the pre-initiation complex (TATA binding protein, Tbp; and Tbp-associated 

factors, TAFs), to enhancer binding TFs and recruited chromatin modifiers. A major 

point of control in the embryo for many of these is the regulation of their expression 

at the protein level. Many RNAs present in the oocyte are either not polyadenylated or 

contain relatively short polyA tracts, and thus they are not readily translated immediately 

following fertilization (reviewed in Woodland, 1982). Comparisons between RNA-seq 

data from polyadenylated (polyA+) mRNA and ribosomally depleted total RNA identified 

differentially adenylated RNAs (Collart et al., 2014), revealing that more than 2100 (~10%) 

genes have a sustained increase in polyA+ levels during early cleavage (e.g., foxh1 
mRNA in Fig. 2, top). Cytoplasmic polyadenylation provides a mechanism for controlled 

deployment of transcripts during a period when very few genomes are available for rapid 

transcription (Collart et al., 2014; Woodland, 1982). A developmental timer mechanism 

to control initiation of ZGA is suggested to rely on the gradual buildup of sufficient 

protein concentrations by increasing translation of these maternal mRNAs following 

cytoplasmic polyadenylation. Such a mechanism for regulating the timing of availability 

of transcriptional machinery is likely to be an important contributor to the timing of ZGA, 

but how such events would be tightly coordinated with DNA:C ratio measuring system are 

yet to be determined.

Detailed expression dynamics at the protein level for most of the transcriptional machinery 

is not known. All three RNA polymerases are present before ZGA, and show in vitro 

transcriptional activity across early development (Roeder, 1974). Western blot analysis 

using an antibody to the largest RNAPII subunit, Polr2a showed little signal before 

fertilization, but by 2-cell stage Polr2a was already detectable ( Jallow, Jacobi, Weeks, 

Dawid, & Veenstra, 2004; Veenstra, Destree, et al., 1999). Other “core” transcriptional 

components such as Gtf2b (aka TFIIB) and the Gtf2f1 (aka Rap74) subunit of TFIIF 

are expressed at uniform levels from oocytes and unfertilized eggs through all of early 

embryogenesis (Veenstra, Destrée, et al., 1999). While the above observations suggest that 

many components of the core machinery for transcription are present in the developing 

embryo before ZGA, a slightly different pattern is observed for TATA-box binding protein 

(Tbp). tbp mRNA undergoes cytoplasmic polyadenylation and protein is not detectable on 

western blotting in 2-cell stage embryos (Veenstra, Destrée, et al., 1999), through very 

low levels are detectable after enrichment by immunoprecipitation from 1000 eggs (Bell & 

Scheer, 1999). Tbp protein levels rise by the 64-cell stage, gradually increasing ~sevenfold 

(estimated here from Veenstra, Destrée, et al., 1999) by blastula stage 9, whereupon levels 

rise sharply to a peak between stage 9 and late gastrula stage 12. This translational increase 

led to the hypothesis that Tbp availability may be an important regulated step in controlling 

transcription at ZGA. Tbp knockdown embryos do initiate gastrulation but die before its 

completion (Veenstra, Weeks, & Wolffe, 2000). Interestingly, two other Tbp paralogs exist, 

Tbpl1 and Tbpl2 (aka Tbp2). Maternal polyA+ tbpl1 mRNA is present at high levels in 

eggs. Tbpl1 knockdown embryos do not appear to progress past stage 8 (Veenstra et al., 

2000). Maternal Tbpl2 protein levels are high in oocytes but taper off after fertilization 

and Tbpl2 has been shown to be critical for gastrulation ( Jallow et al., 2004). Presumably 

this combination of TATA binding factors drives differential gene expression in the early 

embryo, but their interplay is complex as revealed by a triple knockdown (Gazdag, Jacobi, 
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van Kruijsbergen, Weeks, & Veenstra, 2016; Jacobi et al., 2007). The roles of Tbps in 

regulating the timing of transcription at ZGA will require further investigation.

The protein level expression of several TFs that interact with enhancers has also been 

studied, albeit to limited extents. Maternal foxh1 mRNA undergoes rapid cytoplasmic 

polyadenylation (Fig. 2) and by the 8-cell stage its protein level has already reached a 

peak that is maintained roughly constant until it declines during early gastrulation (Charney, 

Forouzmand, et al., 2017; Charney, Paraiso, et al., 2017). The maternal isoform of Vegt 

protein is found at low levels in unfertilized eggs and increases by stage 6 (32-cells) 

(Stennard et al., 1999). Similarly, maternal Vegt, Otx1 and Sox3 have also been shown to 

be detectable at the protein level using various assays by at least the 32- to 64-cell stage 

(Gentsch, Spruce, et al., 2019; Paraiso et al., 2019). Thus, some enhancer-binding TFs are 

available far in advance of ZGA. It is clear that more sensitive proteomic timecourse data 

(e.g., Peshkin et al., 2015) is needed to determine whether levels of key machinery might be 

rate limiting before ZGA.

3.4 Regulation of chromatin accessibility by histone variants

Accessibility of regulatory DNA sequences to TFs and polymerase might be an important 

step for regulation of transcription at ZGA. The egg is endowed with large maternal 

stores of both histone mRNAs and protein, and metabolic labeling studies reveal massive 

additional translation of histones during early cleavage stages (Adamson & Woodland, 1974; 

Woodland & Adamson, 1977). Histone variants have been shown to play a role in gene 

regulation in a variety of developmental contexts and in cancer (Loppin & Berger, 2020; 

Martire & Banaszynski, 2020). Several variant histones are maternally supplied and are 

exchanged with alternative histones as Xenopus embryonic development proceeds (Fig. 

2). One example is histone H3.3, which is translated off maternal mRNA, and protein 

levels climb between 2- and 16-cell stage (Szenker, Lacoste, & Almouzni, 2012). H3.3 is 

a “replacement” histone, providing a continuous source of histone H3 throughout the cell 

cycle. In various systems H3.3 is found in transcriptionally active regions of genomes, and 

opposes the recruitment of histone H1 to promote a more open chromatin state ( Jin & 

Felsenfeld, 2007; Loppin & Berger, 2020; Szenker et al., 2012). H3.3 is phosphorylated 

on Ser31, which leads to an up-regulation of Ep300 activity and H3K27 acetylation in 

both Xenopus and embryonic stem cells (Martire et al., 2019; Sitbon, Boyarchuk, Dingli, 

Loew, & Almouzni, 2020). Morpholino knockdown of H3.3 in X. laevis causes severe 

gastrulation defects, but does not completely abrogate ZGA (Sitbon et al., 2020; Szenker 

et al., 2012). While expression of some zygotically activated genes were inhibited (i.e., 

fgf4, myf5, myod1, tbxt, wnt11), many other genes were unaffected (i.e., a2m, eomes, 

gdf3, mixer, nodal2, sox17). Since a transcriptome-wide analysis was not performed, and 

especially shortly after onset of ZGA, it is difficult to assess the full extent of the impact 

of loss of H3.3 on transcription at MBT. A transcriptome-wide view at earlier timepoints is 

needed to better understand H3.3’s impact on ZGA.

H1–8 (also known as B4, H1M, and H1foo) is a maternal histone present in cleavage stage 

embryos that replaces the somatic linker histone H1, which is absent from oocytes, sperm 

and eggs (see Dimitrov, Almouzni, Dasso, & Wolffe, 1993; Ura, Nightingale, & Wolffe, 
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1996; and references cited therein). H1–8 is 30% identical to H1 at the amino acid level 

and has lower affinity for chromatin that H1 (Ura et al., 1996). It is believed that H1–8 

contributes to a generally less compact chromatin state during cleavage and blastula stages 

and this likely permits more ready access of TFs to the chromatin. Though H1 protein is 

absent maternally, its RNA is present in eggs. Translation during cleavage and blastula leads 

to a ~1:1molar ratio between H1–8 and H1 by MBT, and H1–8 declines to less than 5% 

of total linker histone by the beginning of neurulation. Molecular evidence is needed to 

determine whether loss of function would impact expression of all genes at ZGA. A better 

understanding of the genomic distribution of H1–8 is also needed.

Lastly, the genome in mature Xenopus sperm is packaged in a specialized chromatin 

that contains protamines, but also retains histones. Entry into the egg leads to rapidly 

remodeling of the incoming sperm chromatin to initiate early embryogenesis by exchanging 

the protamines with its vast pool of nucleosomes. Recent evidence suggests that sperm 

chromatin not only contains classical nucleosome octamers but, its genome also contains 

nonclassical “variant” nucleosomes—subnucleosomal particles that deviate from the 

octameric stoichiometry of standard nucleosomes (Oikawa et al., 2020). The potential roles 

of nucleosomes and subnucleosomes on the sperm genome is discussed in detail in the next 

section.

Histone variants, by creating an open chromatin environment, likely function in early 

embryogenesis to maintain a permissive state for transcription, but more work is needed 

in this area to determine how they impact expression of individual genes at ZGA.

3.5 Regulation at the level of epigenetic chromatin modifications

3.5.1 DNA methylation studies—Epigenetic control of gene expression has been 

intensively studied in many biological systems. Two modifications to the epigenome 

that influence gene expression are DNA cytosine methylation (5-methylcytosine) and 

posttranslational modification of histone tails (histone marks). DNA methylation is known to 

influence gene transcription by recruiting repressive chromatin modifications to methylated 

regions (see citations in Bogdanovic et al., 2011). Recently it has also been shown that 

methylation impacts many TF-DNA interactions by reducing TF binding affinities when 

5-methylcytosine residues are present in their sequence motifs (Yin et al., 2017). Regulatory 

regions of genes containing nucleosomes with certain histone marks are either more or less 

accessible to TFs. And likewise, TFs can influence histone mark deposition and nucleosome 

behavior: some TFs recruit the enzymatic “writers” of these epigenomic marks.A number of 

studies have examined the behavior of DNA methylation and histone marking during early 

Xenopus development.

In Xenopus early embryos, unlike mammals, widespread demethylation of cytosines is not 

observed and the genome shows sustained levels of 5-methylcytosine content throughout 

early embryogenesis (Veenstra & Wolffe, 2001). Genome-wide analysis of the DNA 

methylome in X. tropicalis showed hypermethylation on promoters and transcription units, 

but transcription start sites (TSSs) containing the active H3K4me3 mark are cytosine 

hypomethylated (Bogdanovic et al., 2011). However, no correlation was found to support 

a role for repression of transcription by DNA methylation during blastula and gastrula 
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stages. The repressive H3K27me3 histone mark is found on regions of the genome lacking 

DNA methylation, and is minimally present until stage 9, after MBT onset, but gradually 

strengthens by late gastrula stage 12 (Fig. 2) (Akkers et al., 2009; Gupta, Wills, Ucar, & 

Baker, 2014; van Heeringen et al., 2014). Acquisition of H3K27me3 marks in zebrafish 

similarly begins after the onset of ZGA (Vastenhouw et al., 2010). As in embryonic stem 

cells, Xenopus promoters were identified that appeared to be bivalently marked with both 

H3K4me3 (active) and H3K27me3 (repressive) modifications, but sequential ChIP followed 

by qPCR (ChIP-qPCR) showed that these marks are not present on DNA from the same 

cells, and thus the most parsimonious explanation is that they occur in different cell 

populations (Akkers et al., 2009).

3.5.2 Histone modifications studies—Spatial analysis examining dissected tissue 

fragments of early gastrula stage embryos showed that, while H3K4me3 is present in both 

animal and vegetal hemispheres, H3K27me3 is enriched animally on genes preferentially 

expressed in the vegetal pole (e.g., H3K27me3 was found preferentially decorating vegt in 

animal pole cells) (Akkers et al., 2009). This suggests that H3K27me3 deposition occurs 

in the animal pole to repress vegetal gene expression. H3K27me3 is deposited largely by 

polycomb repressive complex 2 (PRC2), which is composed of various protein subunits 

including Ezh2 and Jarid2. ChIP-seq on Ezh2 and Jarid2 showed PRC2 binding to the 

genome is detectable at blastula stage 9 (van Heeringen et al., 2014). Since PRC2 deposition 

of H3K27me3 occurs in DNA methylation-free regions of the genome, DNA methylation 

may function to establish genomic regions for future H3K27me3 marking, but only if genes 

within these regions are not first transcriptionally activated. This mechanism can ensure 

specific genomic regions to be regionally marked for repression.

Temporally, the active enhancer marks H3K4me1 and H3K27ac appear around the onset 

of ZGA (Fig. 2) (Gupta et al., 2014; van Heeringen et al., 2014), with H3K27ac signal 

being relatively weaker. Furthermore, the major histone acetyltransferase responsible for 

deposition of the H3K27ac mark, Ep300, is not bound to enhancers until MBT (Hontelez 

et al., 2015). Ep300 lacks a direct DNA binding domain and therefore is recruited to 

enhancers by binding to TFs occupying these elements. Ep300 has also been suggested 

to be a rate limiting factor driving ZGA in zebrafish (Chan et al., 2019). The timing 

of recruitment of writers for the H3K4me1 mark, Kmt2c (Mll3) and Kmt2d (Mll4), has 

not been reported. Active enhancers usually contain flanking nucleosomes bearing both 

H3K4me1 and H3K27ac marks, and are said to be in a “primed” state before they are active, 

when they contain H3K4me1 but lack H3K27ac (reviewed in Calo & Wysocka, 2013). 

However, the timing of deposition of these marks in Xenopus suggests that cis regions 

regulating gene expression at ZGA may not require these activating marks in order to initiate 

enhancer influence on transcription, but acquire these marks shortly after ZGA commences 

(see also Section 3.6).

While epigenetic histone marks associated with active enhancers or polycomb repression are 

not found before ZGA, a large fraction of epigenetic modifications is under direct maternal 

control. In the presence of α-amanitin, an inhibitor of RNAPII elongation, only a minority, 

15%, of the regions bound by Ep300 are capable of recruiting this factor and hence are 

under maternal control, while 85% of Ep300 recruitment appears to require zygotic TF 

Blitz and Cho Page 13

Curr Top Dev Biol. Author manuscript; available in PMC 2023 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression (Hontelez et al., 2015). This is consistent with the observation that H3K27ac 

signal, which is deposited by Ep300, is weak in late blastulae and only increases during 

early gastrula and beyond (Gupta et al., 2014; van Heeringen et al., 2014). Unlike Ep300 

recruitment, a higher percentage of H3K4me1 deposition on enhancers is under maternal 

control, with 48%, 36%, and 30% of H3K4me1 in dissected ectoderm, mesoderm and 

endoderm, respectively, being α-amanitin resistant (assayed at stage 10.5) (Paraiso et al., 

manuscript in prep). Both 90% of polycomb repressive mark H3K27me3 and 85% of active 

promoter mark H3K4me3 are still present even in the presence of α-amanitin (Hontelez et 

al., 2015), suggesting that most regions of deposition of these marks are under maternal 

control.

H3K4me3 is a mark of active promoters that has been shown to recruit the TAF3 

component of TFIID (Lauberth et al., 2013; Vermeulen et al., 2007). Both H3K4me3 and 

H3K9ac are found on promoters before ZGA, appearing by at least stage 6.5–7 (Fig. 2) 

(Akkers et al., 2009; Blythe et al., 2010; Hontelez et al., 2015). However, these active 

promoter marks do not correlate well with transcriptional activity at ZGA (Hontelez et al., 

2015). Maternally regulated H3K4me3 is associated with promoters in regions of DNA 

hypomethylation, whereas promoter regions with high DNA methylation were dependent 

on zygotic transcription for H3K4me3 deposition. Several pre-MBT expressed dorsal Wnt 

target genes are decorated with H3K4me3, and deposition of this mark is dependent on 

Ctnnb1 and RNAPII recruitment (Blythe et al., 2010). The promoters of these genes 

are also decorated with H3K9ac and H3K14ac during the pre-MBT stages, and H3K9ac 

was significantly lower on sia1 and nodal3.1 by late blastula, suggesting that H3K9 

acetylation is dynamic and coincides with the timing of competence for Wnt signaling 

during the pre-MBT period (Blythe et al., 2010; Esmaeili et al., 2020). Consistent with 

this notion, inhibition of histone deacetylases (HDACs) with trichostatin A beginning at 

stage 6.5 extended the period of H3K9 acetylation into late blastula stage 9, and also Wnt 

responsiveness (Esmaeili et al., 2020). HDAC activity is therefore involved in “decertifying” 

these regulatory regions during blastula stages. Ctnnb1 is also required to recruit the arginine 

methyltransferase Prmt2, which is responsible for deposition of H3R8me2 on Wnt target 

gene promoters (Blythe et al., 2010). These observations suggest that maternally expressed 

Ctnnb1 is required for recruitment of histone marks in the early embryo.

Super enhancers (SEs) are a subset of enhancers that are clustered, contain high densities 

of active enhancer marks, and are associated with transcriptionally active developmental 

“master” genes (Hnisz et al., 2013; Parker et al., 2013; Whyte et al., 2013). Using various 

metrics, SEs have been identified in X. tropicalis early embryogenesis (Hontelez et al., 

2015; Paraiso et al., 2019; Gentsch, Spruce, et al., 2019; Paraiso et al., manuscript in 

prep). SEs acquire dense enhancer histone marking after the onset of ZGA and on the 

same temporal schedule as “regular” enhancers (those outside of enhancer clusters). Ep300 

recruitment to SEs (identified at stage 11) in the presence of α-amanitin suggests that 

<35% of are under maternal control, while ~50% of SEs require zygotic transcription for 

Ep300 interactions (Hontelez et al., 2015). SEs also acquire germ layer specific H3K4me1 

by early gastrula stage (Paraiso et al., 2019; Paraiso et al., manuscript in prep). Endoderm-

specific SE marking is sequentially dependent on both maternal and zygotic TFs. Binding of 

maternal endodermal TFs Otx1, Vegt and ubiquitously expressed Foxh1 TF is enriched in a 
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population of 441 identified endodermal SEs (Paraiso et al., 2019), and knockdown of these 

TFs results in a loss of H3K4me1 marks on the overwhelming majority of the endodermal 

SEs (Paraiso et al., 2019). These findings reinforce the notion that maternal TFs playing an 

essential role in establishment of epigenetic marks shortly after ZGA.

3.5.3 DNA accessibility and looping studies—Assay for Transposase Accessible 

Chromatin using sequencing (ATAC-seq) and DNAse-seq have been used to assess open 

chromatin in early embryos (Bright et al., 2021; Esmaeili et al., 2020; Gentsch, Spruce, et 

al., 2019; Jansen et al., 2020). ATAC-seq on X. laevis gastrula stage 10 animal caps (ACs) 

revealed approximately 70,000 regions of open chromatin with 8% containing TSSs and 

~16% located in intergenic regions (Esmaeili et al., 2020). DNAse hypersensitive regions 

identified by DNAse-seq found numerous open chromatin regions that frequently correlated 

with RNAPII binding and H3K4me1 marking on putative cis-regulatory DNA (Gentsch, 

Spruce, et al., 2019). ATAC-seq peaks mapped in X. tropicalis embryos across multiple 

stages showed that those exhibiting dynamic changes between stages 9–16 were found to 

correlate well with Ep300-associated enhancers (Bright et al., 2021). Increasing accessibility 

was also correlated with increasing expression of genes associated with ATAC-seq peaks. 

ATAC-seq performed on stage 10.5 X. tropicalis animal cap ectodermal cells (which have 

declining pluripotency by this stage) shows open chromatin on ectodermally expressed 

genes including grhl3 and tfap2a, as well as Spemann organizer (dorsal marginal zone) 

genes including chrd and gsc (Bright et al., 2021). This is in stark contrast to chromatin 

in the more lineage restricted dorsal marginal zone cells, which shows open regions on 

organizer but not ectodermal genes, and therefore displays better correlation between open 

chromatin and active gene expression. Therefore, chromatin opening alone is not a good 

predictor of enhancer and promoter activities. Chromatin may be in a more open state across 

the embryo at earlier stages. It is noteworthy that a timecourse of ATAC-seq spanning the 

64-cell to dome stages fails to identify regions of hypersensitivity until ~1000 cell stage 

(ZGA in zebrafish), though genes expressed before ZGA do show accessibility as early as 

the 64-cell stage (Liu, Wang, Hu, Wang, & Zhang, 2018). The timing of chromatin opening 

relative to gene activation needs to be determined in Xenopus to better understand the role of 

DNA accessibility in transcriptional regulation at ZGA.

Long range looping interactions create topologically associated domains (TADs) in 

chromatin, which compartmentalize genomes and can restrain enhancers from inappropriate 

interactions with genes/promoters located outside of TADs (Yu & Ren, 2017). To examine 

the dynamics of TAD formation spanning ZGA, Hi-C was performed during early X. 
tropicalis embryogenesis (Niu et al., 2020). No evidence was found for the presence of 

TADs before ZGA (stage 8) and TADs arise in two “waves,” an initial wave at ZGA and a 

second at gastrula stage 11. A stable 1300 TAD boundaries were detectable at both stages 

9 and 10, which increased to 2662 at stage 11 and these were then maintained throughout 

the later stages analyzed. Morpholino knockdowns of Ctcf and Rad21 (a component of 

the Cohesin complex), proteins that complex at the base of TAD loops (Yu & Ren, 

2017), showed that single knockdowns of Ctcf or Rad21 weakened TAD boundaries, while 

knockdown of both abolished TAD formation. Since blocking RNAPII elongation with 

α-amanitin in other systems had no effect on TADs, but transcription was shown to be 
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necessary for TAD formation in human embryos (Chen, Ke, et al., 2019), Polr2a KD using 

a morpholino was examined. Loss of Polr2a weakened TAD structures at ZGA, but not 

at later developmental stages. It is currently unclear whether the requirement for Polr2a is 

due to a direct role of RNAPII complexes in TAD formation at ZGA, independent of its 

role in transcription, or whether transcription is the determining factor. The appearance of 

TADs at ZGA in Xenopus, with an increase in TAD numbers as development proceeds, 

generally aligns with observations in other model organisms (Niu et al., 2020). However, 

observations in zebrafish suggest a more complex picture, where TADs are reported to be 

present pre-ZGA, then lost around ZGA, and then re-established during gastrulation (Kaaij, 

van der Weide, Ketting, & de Wit, 2018).

3.5.4 Nucleosome studies—Do epigenetic marks pass through the germline to 

influence ZGA? DNA methylation levels do not appear to change significantly from oocyte 

through early development (Veenstra & Wolffe, 2001). Therefore, regions marked by DNA 

methylation in the oocyte might be passed to the embryo, however this needs further 

investigation. In the male germline, higher DNA methylation was found on mature sperm 

TSSs compared to spermatid TSSs, revealing a transition in DNA methylation on TSSs 

during spermiogenesis (Teperek et al., 2016). Nucleosomes may also contain epigenetic 

information conveyed from sperm to the embryo. In X. laevis, ~60–70% of histones H2a 

and H2b are lost from sperm chromatin, but histones H3 and H4 are retained (Oikawa 

et al., 2020). Furthermore, analysis of nucleosomal positioning, as revealed by MNase-

seq, suggests higher nucleosome occupancy on sperm TSSs than spermatids (Teperek et 

al., 2016). Interestingly, MNase not only liberates the expected ~150bp DNA fragments 

typical of histone octamers, but also ~70 and ~110bp subnucleosome-sized DNA fragments 

(Oikawa et al., 2020). Quantitative protein mass spectrometry comparisons suggested that 

the ~70 and ~110bp chromatin fragments represent protamine-associated subnucleosomal 

particles consisting of (H3/H4)2 tetramers and (H3/H4)2(H2A/H2B) hexamers, respectively. 

Notably, ~0.4% and 6% of the sperm genome was homogenously (i.e., across the sperm 

population) marked by H3K4me3 or H3K27me3, respectively, suggesting that octameric 

nucleosomes or subnucleosomes specifically positioned on genes might, upon fertilization, 

carry epigenetic marks into the egg. High H3K4me3 was found on TSSs while high 

H3K27me3 was found marking a ~4kb wide region centered on TSSs. Homogeneous H3 

trimethylation and histone particle composition were found to occur on different sets of 

genes, with homogeneous H3 trimethylation largely occurring on octameric nucleosomes. 

Several such clusters of genes have developmental functions and also appear to be bivalently 

marked in all sperm. To examine the role of these marks in sperm, embryos were produced 

from eggs overexpressing either human histone demethylases KDM5B, which acts on 

H3K4me2/3, or KDM6B, which demethylates H3K27me3, and RNA-seq was performed at 

early to midgastrula. Demethylation of H3K27me3 at fertilization resulted in misregulation 

of gene expression in the resulting embryos that correlated with sites of homogeneous 

trimethylation in the sperm genome (Oikawa et al., 2020; Teperek et al., 2016). It remains 

unclear how these sperm histone marks convey instructions that are then transmitted through 

cleavage stages to ZGA, but these observations suggest that chromatin in the gametes may 

contain epigenetic information that is utilized in early gene activation.
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3.6 Regulation of enhanceosome formation

Substantial evidence suggests that nucleosomal wrapping of the genome competes with 

TF binding to promoters and enhancers (e.g., see references cited in Almouzni & Wolffe, 

1995; Prioleau et al., 1994), and therefore nucleosomes may repress formation of functional 

enhanceosomes to regulate ZGA. Histones have been implicated as a major inhibitor of 

ZGA and therefore nucleosomes may be the sought after repressor being titrated (Prioleau 

et al., 1994). Typical somatic cells contain an ~1:1 mass ratio of histones to DNA, but 

a combination of maternally stored histones and massive histone translation during early 

cleavage produces an excess capable of supporting ~30,000 nuclei (in Xenopus laevis) 

(Adamson & Woodland, 1974; Woodland & Adamson, 1977). Coinjection with competitor 

DNA titrates these nucleosomes, thereby permitting exogenously added reporter genes to be 

transcribed once the permissive DNA:nucleosome ratio is reached. Interestingly, coinjection 

of plasmids (containing either the myc or cytomegalovirus promoters) together with Tbp 

protein induced pre-MBT transcription from these templates (Almouzni & Wolffe, 1995; 

Prioleau et al., 1994). This suggested that Tbp’s access to the promoter is limited by the 

level of endogenous nucleosomes. In the case of the cytomegalovirus promoter, coinjection 

of plasmid and Tbp together with nonspecific DNA was necessary to observe this effect 

(Almouzni & Wolffe, 1995), while the use of the myc promoter only required coinjected 

Tbp (Prioleau et al., 1994). Differences in the amounts of these injected plasmids likely 

accounts for some differences in experimental outcomes (Prioleau, Buckle, & Mechali, 

1995). Coinjection of the cytomegalovirus promoter, together with Tbp, nonspecific DNA, 

and all four core histone proteins, reversed the effects of the nonspecific DNA (Almouzni 

& Wolffe, 1995). The mass amount of core histones required was equivalent to that of 

the nonspecific DNA, and thus these experiments supported the notion that nucleosomes 

are a driver of transcriptional repression before MBT. Xenopus egg extracts were used to 

identify a transcriptional repressor responsible for the nonspecific DNA titration effects 

observed in vivo (Amodeo, Jukam, Straight, & Skotheim, 2015). Using in vitro transcription 

with a RNAPIII transcriptional output, histones H3 and H4 were biochemically purified 

and identified on the basis of their major repressive activities. Further in vivo support was 

obtained by MO knockdown of H3 expression to ~50%, which shifted transcription one cell 

cycle earlier.

Experiments described thus far suggest that high histone concentrations in early embryos 

produces a competition between nucleosomes and TFs for binding DNA motifs, thereby 

preventing TF interactions with promoters and enhancers, resulting in transcriptional 

repression. Repression is then alleviated by increasing numbers of genomes that titrate 

nucleosomes by MBT leading to ZGA (with the caveat that a small minority of genes 

are able to escape the repressive environment and are transcribed pre-MBT). This implies 

that a competition between nucleosomes and TFs for regulatory elements on ZGA genes 

favors nucleosomal occupancy until MBT, whereas TFs “win” this competition to activate 

transcription before MBT on a small set of genes. Recently studies in the early zebrafish 

embryo have corroborated this view from Xenopus ( Joseph et al., 2017; Miao et al., 2020; 

Pálfy, Schulze, Valen, & Vastenhouw, 2020; Reisser et al., 2018; Veil, Yampolsky, Gruni€ 

ng, & Onichtchouk, 2019; Zhang et al., 2014).
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Pioneer factors (Zaret, 1999; Zaret & Carroll, 2011) are TFs that are the first to bind to 

enhancers in chromatin and either actively open chromatin locally, or passively bind until 

other (“settler”) TF interactions (perhaps with cooperative binding) lead to the assembly 

of functional enhanceosomes. Do pioneer TFs play a direct role in the timing of ZGA? 

Among the 1250 genes encoding TFs in X. tropicalis (Blitz et al., 2017) several hundred are 

expressed at levels with TPMs (transcripts per million) of >10 in the early embryo (Blitz 

et al., 2017; Owens et al., 2016; Paraiso et al., 2019). However, only a small fraction of 

all these TFs acting during early development has been studied in detail. The maternally 

expressed forkhead TF, Foxh1, is a major cofactor mediating Nodal-Smad2/3 signaling. 

Foxh1 binds to the genome dynamically across early stages of X. tropicalis embryogenesis 

(Charney, Forouzmand, et al., 2017; Charney, Paraiso, et al., 2017; Chiu et al., 2014) and 

appears to provide a paradigm for maternal TFs that act as the earliest pioneer factors. 

ChIP-seq analysis at multiple closely spaced developmental stages, pre-ZGA blastula stage 

8, post-ZGA blastula stage 9 and early gastrula stage 10.5 revealed a total of ~41,000 

bound regions (Charney, Forouzmand, et al., 2017; Charney, Paraiso, et al., 2017). The two 

blastula stages had a large overlap, with ~29–30,000 regions each at the two blastula stages 

(~55–60%), but only ~1300 sites were identified at early gastrula. This drop off is due to 

a significant decline in expression of Foxh1 by this stage (Charney, Forouzmand, et al., 

2017). 954 regions, associated with 611 genes, were identified as being bound across all 3 

stages, which span only ~3.5h of developmental time. These 954 sites correlate better with 

the co-binding of Ep300 and a bimodal H3K4me1 distribution than the entire set of sites. 

Furthermore, Ep300-bound regions identified genome-wide were enriched for Foxh1 and 

Smad2/3 motifs (Hontelez et al., 2015), suggesting that these factors are abundant among all 

Ep300-marked enhancers. Furthermore, ChIP-qPCR performed at the 32-cell stage (stage 6, 

~1.5–2h before ZGA in X. tropicalis) showed that Foxh1 is already bound to its sites several 

cell divisions before target gene activation. Since these sites were Foxh1 bound before the 

appearance of enhancer marks (and before the engagement of RNAPII on these genes), this 

demonstrates that maternal TF pioneering activity occurs before enhancer “activation” by 

chromatin modifications (Fig. 2). Mining persistent Foxh1-bound regions for enrichment of 

TF motifs implicated a number of maternal and zygotic TFs such as Sox3 and Pou5f3 that 

collaborate with Foxh1 to regulate expression of these target genes (Charney, Forouzmand, 

et al., 2017; Charney, Paraiso, et al., 2017; Chiu et al., 2014; Gentsch, Spruce, et al., 2019; 

Paraiso et al., 2019).

Other maternal TFs have shown a generally similar pattern of behavior. Otx1 is a vegetally 

expressed maternal TF that positively co-regulates endodermal genes together with the 

well-known endodermal TF Vegt, while Otx1 and Vegt interact in repression of mesodermal 

gene expression (Paraiso et al., 2019). Sequential ChIP followed by qPCR demonstrated that 

these TFs are indeed co-bound to cis elements. Genome-wide binding patterns elucidated 

by ChIP-seq at stage 8 identified ~5000 and ~22,000 Otx1- and Vegt-bound regions with 

64% and 18% of these representing regions of likely co-binding, respectively. As with 

Foxh1, Otx1 and Vegt also co-bind to regulatory regions as early as the 32-cell stage, 

and >70% of Otx1 and >25% of Vegt binding overlap with regions of Foxh1 binding 

at stage 8. Morpholino knockdown of Foxh1 reduced binding of Otx1 and Vegt to these 

sites suggesting a cooperative binding interaction between all three (“OVF”) TFs to form 
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enhanceosomes involved in endodermal gene activation at ZGA. Consistent with the Foxh1 

analysis, Otx1 and Vegt bound regions also contain enrichment for Sox and Pou motifs 

that may implicate coregulation by Sox3 and Pou5f3. These findings with OVF TFs are 

consistent with the model in which combinations of maternal TFs bind motifs before ZGA 

to pre-select specific DNA regulatory regions for gene activation and also to regulate the 

epigenetic landscape of the embryonic genome (Charney, Forouzmand, et al., 2017; Paraiso 

et al., 2019).

One characteristic of enhancers is RNAPII association. Approximately 27,000 intergenic 

regions were identified based on RNAPII binding with ~650 regions bound as early as 

the 32-cell stage, increasing to more than 10,000 by ~1000 cell stage (Gentsch, Spruce, 

et al., 2019). Mining these regions for enrichment of TF binding motifs, presumably 

reflecting pre-MBT TF recruitment, implicated Fox, Pou and Sox family TFs, among 

others. MO knockdown of Pou5f3 expression had only modest effects on select genes, but 

RNA-seq revealed that double knockdowns of Pou5f3 and Sox3 affected up to 25% of all 

zygotic genes expressed at early gastrula (Chiu et al., 2014; Gentsch, Spruce, et al., 2019). 

Interesting, Pou5f3/Sox3 double knockdown reduced chromatin accessibility to DNAse I 

(assayed by DNAse-seq) on ~41% of 16,637 putative regulatory elements, concomitant with 

loss of bimodal H3K4me1 marking and binding by RNAPII, Smad2 and Ctnnb1, supporting 

the notion that Pou5f3/Sox3 act as pioneer TFs to open chromatin (Gentsch, Spruce, et 

al., 2019). These observations of widespread effects of Pou5f3 on gene expression are also 

consistent with recent findings in zebrafish, where Pou5f3, SoxB1-type and Nanog TFs have 

been suggested to regulate numerous genes and the ZGA timing of their expression (Gao 

et al., 2020; Lee et al., 2013; Leichsenring, Maes, Mössner, Driever, & Onichtchouk, 2013; 

Miao et al., 2020; Pálfy et al., 2020; Veil et al., 2019). Despite these findings, there is as 

yet no evidence that Pou5f3 and/or Sox3 specifically control the timing of ZGA in Xenopus 
(all anuran genomes thus far sequenced lack a nanog gene; Blitz et al., 2017; Hellsten et al., 

2010; Session et al., 2016; our unpublished observations).

While many maternal TFs interact with enhancers during early cleavage stages, most of the 

associated genes are not expressed until MBT. Targets of transcriptional activation before 

MBT are regulated by the maternal Wnt signaling cascade suggesting that Ctnnb1 activation 

might be a trigger for pre-MBT gene expression (Blythe et al., 2010; Skirkanich et al., 2011; 

Yang et al., 2002). Since Ctnnb1 lacks a DNA binding domain, its recruitment to target sites 

occurs through direct association with Tcf/Lef TFs. Ctnnb1 also interacts with members 

of the Sox family of TFs, including Sox17 (Mukherjee et al., 2020; Zorn et al., 1999). 

Ctnnb1 genome-wide binding dynamics between stages 7 and early gastrula stage 10.5 

yields some surprising behavior in X. laevis and X. tropicalis (Afouda et al., 2020; Kjolby 

& Harland, 2017; Mukherjee et al., 2020; Nakamura, de Paiva, Veenstra, & Hoppler, 2016). 

Since maternal Wnt signaling, acting through Ctnnb1, controls dorsal gene expression both 

before and at MBT, whereas zygotic Wnt signaling controls ventral gene expression shortly 

thereafter, Ctnnb1 was expected to shift its association with target genes that function 

in these two distinct dorsal-ventral specification events. ChIP-seq spanning this period 

compared with Wnt-regulated transcriptomic data revealed that Ctnnb1 interacts with both 

dorsal pre-MBT/MBT targets and ventral post-MBT targets early, but the pre-MBT binding 

is lost by gastrula stage. The dorsal Wnt/Ctnnb1 targets activated at MBT and post-MBT 
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ventral targets retained Ctnnb1 binding into early gastrula. Regulation of these different 

classes of genes appears to require not only Ctnnb1 binding, but also coordinate activity of 

other associated TFs (Afouda et al., 2020; Kjolby & Harland, 2017; Mukherjee et al., 2020; 

Nakamura et al., 2016). Both the pre-MBT and MBT dorsal gene targets of Ctnnb1 are 

associated with Foxh1 and are co-regulated by Nodal signaling, whereas the later, post-MBT 

ventral targets are co-regulated by Bmp and Fgf pathways. Therefore, how the small number 

of targets expressed before MBT escape pre-MBT repression remains unclear but Ctnnb1 

does not appear to be the decisive factor. While the pre-MBT transcribed genes nodal5 and 

nodal6 are targets of both maternal Ctnnb1 and Vegt (Takahashi et al., 2006), Vegt also 

does not appear to be a specific trigger for pre-MBT transcription. This is exemplified by 

X. laevis sox17a, which is a Vegt target (Howard, Rex, Clements, & Woodland, 2007), 

but is not transcribed until MBT. Interesting, recent findings also show that Ctnnb1 can 

direct endodermal gene transcription at MBT in the vegetal pole independent of Tcf/Lef 

association (Mukherjee et al., 2020; Zorn et al., 1999). Therefore, the enhancer-TF logic of 

pre-MBT expressed genes that allows these to break free of the repressive states of the early 

embryo remains unknown and requires further investigation.

Since enhancers are platforms for combinatorial docking of TFs to produce functional 

enhanceosomes, understanding how different enhancers integrate sets of TF inputs to control 

transcriptional timing (and spatial expression) is expected to provide insights into the timing 

of ZGA. Multifactorial binding is one marker of functional enhancer elements, in addition 

to various epigenetic marks, RNAPII binding and production of eRNAs. CRMs identified 

in multiple studies have shown that genomic regions binding maternal factors during late 

blastula stage, are later bound by zygotic transcription factors during gastrulation (Charney, 

Forouzmand, et al., 2017; Charney, Paraiso, et al., 2017; Gentsch, Spruce, et al., 2019; 

Paraiso et al., 2019). This property of CRMs is consistent with the view that maternal 

pioneer TFs establish the first interactions with enhancers and gene activation. Pioneer 

TF binding may simply maintain a local open chromatin landscape that is permissive 

(Zaret, 1999; Zaret & Carroll, 2011) for subsequent zygotic TF binding. The notion that 

only a small set of TFs have pioneering activity is brought into question by recent high 

throughput analyses showing that many TFs are capable of accessing binding sites not 

only on linker DNA between nucleosomes, but also when their sites are positioned on the 

surface of nucleosomes (Fernandez Garcia et al., 2019; Iwafuchi et al., 2020; Michael et al., 

2020; Soufi et al., 2015; Zhu et al., 2018). Regardless, how enhanceosomes interact with 

combinations of TFs to comply with a hardwired regulatory logic that determines genes 

temporal and spatial transcription at, or before, MBT remains an area of great interest.

4. Conclusion

In this review, we examined various mechanisms that regulate Xenopus ZGA. The rich 

history of Xenopus research combined with modern genomics have significantly increased 

the power of gene expression analysis controlling ZGA. Based on the current data, it 

is clear that control of ZGA is not a one step process, but is a collection of several 

distinct events regulating transcriptional activation. Future challenges will be to test some 

of the specific models proposed here. More explicit testing of the nucleosome competition 

model is needed. Do maternal pioneering TFs that bind the genome during cleavage stages 
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displace nucleosomes from enhancers by, for example, recruiting SWI/SNF complexes that 

have nucleosome “sliding” activities? Investigation of the 3D architecture of chromatin as 

embryos develop is needed, including visualizing the changes in chromatin dynamics in vivo 

using high resolution imaging in real time. When do enhanceosomes recruit mediator and 

cohesin complexes to facilitate enhancer-promoter looping and is this a regulated step that is 

critical for polymerase recruitment to pre-initiation complexes on promoters? Since SEs are 

enriched within nuclear condensates in cell culture systems, do similar condensates appear 

before transcription at ZGA begins, or contemporaneous with the start of transcription, or 

after ZGA? Is there a role for genomewide repression by transcriptional corepressors? We 

believe that the Xenopus system will lead discovery in this area and contribute to basic 

principles not only regulating ZGA, but also in controlling transcription in all cell types.
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Fig. 1. 
DNA-to-cytoplasmic ratio is a major determinant of the timing of ZGA. As cell divisions 

subdivide the volume of embryonic cytoplasm, there is an increase in the number of 

genomes relative to cytoplasmic volume. Since the cells at the animal hemisphere are 

smaller, transcription (indicated by shades of blue fill) begins in these before the rest of 

the embryo. As cells along the animal-vegetal axis continue dividing and achieve smaller 

volumes, a wave (indicated by inverted blue triangles) of transcription travels vegetally. See 

text in Section 2.4 for details. Cells along the animal-vegetal axis and cell numbers are not 

drawn to scale.
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Fig. 2. 
The embryonic timing of zygotic genome activation. Embryonic stages of Xenopus 
tropicalis development (Nieuwkoop & Faber, 1994) are superimposed on a graph of mRNA 

expression profiles of several genes. Time in hours post fertilization (hpf ) is presented on 

the X-axis. foxh1 mRNA is shown as an example of a maternally deposited message that 

increases its levels by cytoplasmic polyadenylation in the period before ZGA. nodal3.1 and 

sia2 are two examples of genes that begin their pre-MBT transcription between 3 and 3.5hpf, 

which corresponds to the period between 64 cell and stage 7. gsc, ventx and sox17 are 

examples of genes that begin transcription at MBT. Data and 95% confidence intervals are 

derived from Owens et al. (2016) and the Y-axis values use a square root scaling.
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