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SUMMARY

Early embryo development requires maternal-to-zygotic transition, during which transcriptionally silent
nuclei begin widespread gene expression during zygotic genome activation (ZGA).'™ ZGA is vital for early
cell fating and germ-layer specification,®>* and ZGA timing is regulated by multiple mechanisms.'~® However,
controversies remain about whether these mechanisms are interrelated and vary among species®'° and
whether the timing of germ-layer-specific gene activation is temporally ordered.'’"'2 In some embryonic
models, widespread ZGA onset is spatiotemporally graded,'®'* yet it is unclear whether the transcriptome
follows this pattern. A major challenge in addressing these questions is to accurately measure the timing
of each gene activation. Here, we metabolically label and identify the nascent transcriptome using
5-ethynyl uridine (5-EU) in Xenopus blastula embryos. We find that EU-RNA-seq outperforms total RNA-
seq in detecting the ZGA transcriptome, which is dominated by transcription from maternal-zygotic genes,
enabling improved ZGA timing determination. We uncover discrete spatiotemporal patterns for individual
gene activation, a majority following a spatial pattern of ZGA that is correlated with a cell size gradient.™
We further reveal that transcription necessitates a period of developmental progression and that ZGA can
be precociously induced by cycloheximide, potentially through elongation of interphase. Finally, most
ectodermal genes are activated earlier than endodermal genes, suggesting a temporal orchestration of
germ-layer-specific genes, potentially linked to the spatially graded pattern of ZGA. Together, our study
provides fundamental new insights into the composition and dynamics of the ZGA transcriptome,

mechanisms regulating ZGA timing, and its role in the onset of early cell fating.

RESULTS AND DISCUSSION

Nascent EU-RNA-seq characterizes the composition

and dynamics of ZGA with high sensitivity

Transcript levels in early embryos are dominated by maternal
RNAs preloaded in the egg, whereas newly transcribed RNAs,
including those from maternal-zygotic (MZ) and exclusively zy-
gotic (Z) genes, constitute a small portion during zygotic genome
activation (ZGA) (Figure 1A). Abundant maternal RNAs represent
a major challenge in understanding the scope, timing, and un-
derlying mechanisms regulating ZGA transcription. Recently,
metabolic labeling of newly synthesized RNAs using uridine
analogs, such as 4-thiol-UTP (4s-UTP)'*'® and 5-ethynyl uridine
(5-EU),"*"""'8 followed by physical separation of nascent and
maternal RNA pools, has provided new tools to interrogate
ZGA. We previously demonstrated that compared with conven-
tional RNA sequencing (RNA-seq), EU-labeled nascent RNA-seq
(EU-RNA-seq; Figure 1B) enriched biotinylated zygotic tran-
scripts (EU-RNAs) from Xenopus late blastula on streptavidin
beads, ' suggesting its potential for detecting newly transcribed
RNA. To characterize the nascent transcriptome in embryos at
earlier stages, where transcript levels are much lower, we further
optimized the EU-RNA-seq protocol (STAR Methods) and
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performed it on Xenopus embryos at 1-h intervals from 5to 9 h
post-fertilization (hpf), corresponding to Nieuwkoop and
Faber (NF) stages 7-9, covering the period of pre-ZGA to wide-
spread ZGA. In addition to sequencing the nascent transcripts
(on “bead”), we sequenced the flowthrough after separation
(“flowthrough,” presumable maternal RNA) and the total RNA
(“all”) for comparison. We observed that from 5 to 9 hpf, nascent
transcripts of an increasing number of genes enriched in the
“bead” dataset compared with “flowthrough” (Figures 1C,
S1A, and S1B), suggesting that EU-RNA-seq captures and en-
riches nascent transcripts. Although we were able to separate
zygotic transcripts from maternal transcripts, we also noticed
some maternal transcripts bound non-specifically to beads.
Therefore, we chose to calculate nascent transcription based
on the net increase of reads, treating those at 5 hpf as back-
ground. To characterize which genes were activated, we filtered
the nascent transcriptome data (STAR Methods), generating a
list of 2,577 genes (Figure S1C; Table S1).

Noticeably, at the time of ZGA widespread onset (7 hpf), over
44% genes were more highly detected using EU-RNA-seq than
total RNA-seq (Figure 1D); an ~2- to 16-fold enrichment
(Figure 1E), consistent with a previous observation.'* More
strikingly, activation of 240 genes was uniquely detected by
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Figure 1. Nascent EU-RNA-seq to characterize the composition and dynamics of ZGA with high sensitivity

(A) Schematic of transcript composition during zygotic genome activation in early embryogenesis: from egg to late blastula. Red, transcripts of zygotic genes;
orange, transcripts of maternal-zygotic genes; blue, transcripts of maternal genes.

(B) Schematic describing the EU-RNA-seq methodology. Nascent transcripts are metabolically labeled via 5-ethynyl uridine (5-EU) microinjected in 1-cell Xen-
opus embryos. Total RNAs are isolated for biotinylation via click reaction. The 5-EU-labeled nascent transcripts (red) are captured by streptavidin beads; flow-
through contains maternal transcripts.

(C) Distinguishing nascent transcriptome (“bead”) versus maternal transcriptome (“flowthrough”) reads via RNA-seq from 5 to 9 hpf in blastula embryos. Each dot
represents individual genes with rlog reads averaged from replicates quantified by DESeq2. Dashed lines: 1.5-fold threshold for enrichment.

(D) Nascent reads enrich in “bead” library versus traditional total transcriptome (“all”) at 7 hpf from RNA-seq. Each dot represents individual genes with log, reads
averaged from replicates quantified by DESeq2. Dashed lines: 1.5-fold threshold for enrichment.

(E) Higher sensitivity for detection of zygotic expression in nascent transcriptome versus total transcriptome at all gene expression levels.

(F) Hundreds of transcripts are uniquely detected by nascent transcriptome. Mean reads from duplicates (mean + SE) for 240 genes detected from nascent EU-
RNA (red) and total RNA (orange), respectively.

(G) Percentage of genes expressed during ZGA that are classified as zygotic-only genes (Z) and maternal-zygotic gene (M2).

(H and ) Percentage of total library reads from transcripts of zygotic-only genes (Z) and maternal-zygotic gene (MZ) from 5 to 9 hpf.

(J and K) Gene ontology (GO) analysis of MZ (J) and Z (K) genes.

See also Figure S1 and Tables S1 and S2.
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EU-RNA-seq (Figure 1F; Table S2). Assay for transposase-
accessible chromatin using sequencing (ATAC-seq) from early
gastrula stage (NF stage 10) revealed that the promoter regions
in most of these genes uniquely detected by EU-RNA-seq were
accessible (Figures STM and S1N), suggesting that these genes
are likely actively transcribed. To further validate the sensitivity of
EU-RNA-seq, we compared the levels of the most highly tran-
scribed genes identified by Session et al.’® and Yanai et al.?°
in our nascent versus total transcriptome data. Both compari-
sons showed an ~3- to 4-fold enrichment in the EU-RNA-seq
(Figures S1D-S1F). This improved sensitivity also revealed
earlier expression of a subset of genes in the zygotic transcrip-
tome (Figure S1G). Together, the EU-RNA-seq enabled us to
detect nascent transcription in early Xenopus embryos with un-
precedented sensitivity and specificity.

Next, we wondered what fraction of the transcriptional output
of large-scale ZGA is comprised of transcripts from MZ and Z
genes. In traditional gene profiling, it is a challenge to charac-
terize the activation of MZ genes —the presence of high maternal
RNA levels can mask the onset of nascent transcription. Based
on the presence of transcripts in the egg, we categorized the
nascent list of 2,577 genes into Z genes that do not contain reads
in the egg (<5 reads) and MZ genes that contain transcripts in
the egg (>5 reads) (Figure S1C). We found that among the genes
activated from 5 to 9 hpf, MZ genes accounted for ~70% total
reads and Z genes only ~10%, and both increased over time
(Figures STH-S1L). The ratio of MZ:Z genes was ~4:1, and the
ratio of reads for MZ:Z genes was ~8:1, which was relatively
constant over time (Figures 1G-1l). These data suggest that
compositionally, ZGA transcriptional output is dominated by
MZ gene expression, consistent with previous observations,®’
although zygotic-only transcripts are essential for develop-
ment.?>>* Gene ontology (GO) analysis revealed that MZ genes
are mainly involved in RNA processing, splicing, and transport
(Figure 1J), whereas Z genes are responsible for patterning,
gastrulation, cell fate commitment, and germ-layer specification
(Figure 1K). Thus, onset of widespread ZGA is dominated by a
handoff from maternal-to-zygotic control of core regulatory
genes, whereas zygotic-only factors that pattern later develop-
ment represent a smaller portion of the transcriptional output.
In summary, the highly sensitive EU-RNA-seq methodology re-
veals a greater depth to the composition and dynamics of
ZGA, offering essential new insights on genome regulation in
early embryo development.

EU-RNA-seq on segmented embryos uncovers spatial
patterns of single-gene activation

We previously performed nascent EU-RNA imaging in single
cells of whole-mount Xenopus early embryos and observed a
stereotypical spatiotemporal pattern of large-scale ZGA, which
initiates first in small cells at the animal pole (AP) and is delayed
in large cells at the vegetal pole (VP), dependent on cells reach-
ing a threshold size'*'* (Figure 2A). However, an open question
was whether the global pattern of ZGA held at the single-gene
level for most genes. To address this question, we performed
EU-RNA-seq on the dissected regions of AP and VP from em-
bryos at 5-9 hpf (Figure 2A). We chose these regions because
they display a striking phase shift in ZGA timing of ~90 min,"*
and they represent the presumptive ectoderm (the AP) and
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endoderm (the VP). Due to the lower quantity of material, we
refined the AP-VP nascent transcriptome by selecting genes
that undergo consistent continuous activation in the AP or VP re-
gions at 5-9 hpf, which resulted in a list of 882 genes for further
characterization of their spatial activation patterns (Figure S2A).
To determine the onset time for each gene at the AP and the VP,
respectively, we adapted a previously described method to
fit the mean-normalized reads at 5-9 hpf with a smooth spline25
(Figure S2B). By setting thresholds of expression (STAR
Methods), we eventually classified 476 genes into five categories
of activation patterns based on their spatial expression profiles
(Figures 2B and S2C; Table S3). We verified the activation pat-
terns of a subset of transcripts using RT-PCR and quantitative
real-time PCR (Figures S2D and S2E). The existence of various
patterns of gene activation (Figures S2F-S2I) is consistent with
the view that the embryo is patterned during early embryogen-
esis,® and potentially distinct mechanisms regulate ZGA. As ex-
pected, the “VP regional” category is replete with genes involved
in endoderm-related development (Figure S2G), including the
bix1, mixer, sox17, and nodal family genes (Table S3), consistent
with the VP as the physical location of the presumptive endo-
derm cells.”®*” Genes uniquely activated or activated early in
the VP may be regulated by region-specific maternal determi-
nants, such as VegT,?® that prepattern early embryos.

Intriguingly, among the five spatiotemporal patterns, the pre-
dominant category is the “AP early, VP delay” (~56% genes)
(Figures 2B, 2C, and S2C), paralleling the global spatiotemporal
patterning of ZGA from EU imaging, suggesting that these genes
could be regulated by a cell-size- or DNA:cytoplasm-ratio-
dependent mechanism."* GO analysis of this category revealed
functional enrichment of ectoderm-related development such
as epithelial tube morphogenesis and eye development
(Figure S2F), consistent with the role of the AP as the physical
location of the presumptive ectoderm. Separately, ~13% of
genes show an activation pattern similar in space and time
(Figures 2B, 2C, S2C, and S2lI), potentially consistent with a timer
mechanism. The observation of diverse patterns is also consis-
tent with previous studies suggesting that ZGA includes
expression of distinct subsets of genes regulated by distinct
mechanisms.®’

In summary, our regional nascent transcriptome analysis re-
vealed patterning that is consistent with a classic developmental
control view but also previously underappreciated major spatial
and temporal pattern of gene activation, consistent with cell-
size- or DNA:cytoplasm-ratio-dependent ZGA regulation. The
results reveal that distinct modes of regulation likely control
distinct subsets of gene expression patterns at the canonical
onset of widespread ZGA and that more than half follow a pattern
tied to the cell size gradient in the Xenopus blastula. Future
studies are warranted to dissect the respective mechanisms un-
derlying these distinct expression patterns.

Reconciling mechanisms that regulate ZGA timing

Multiple mechanisms have been suggested to regulate ZGA
timing in various species, '~ including a timer,®'"?"*"-*> DNA:cy-
toplasm ratio,”'*?°3738 and cell-cycle elongation,®10:1>:18:39-41
However, these mechanisms may work in concert or be interre-
lated, and their relative contribution to ZGA onset timing in
embryogenesis is debated.®'° We reasoned that manipulating
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Figure 2. EU-RNA-seq on segmented embryos uncovers spatial patterns of single-gene activation
(A) Schematic showing spatial patterns of ZGA observed from EU-RNA imaging, and strategy for classifying gene expression profiles from segmented embryos

using regional EU-RNA-seq. AP, animal pole; VP, vegetal pole.

(B) Categorization of distinct spatial patterns of activation for zygotic genes. Left: schematic of each pattern for gene activation. Middle: reads from EU-RNA-seq
performed on the segmented AP (red) and VP (blue) regions from early embryo at 5-9 hpf. Transcript levels were thresholded to those at 5 hpf. Mean + SE from
indicated number of genes. Right: comparison of the activation onset time for transcription of each gene for AP (red) and VP (blue). ***p < 0.0001; ns, not significant.
Note that to compare and plot the activation onset time for those genes that were not activated during 5-9 hpf at AP or VP, their activation onset time was set to 9.1.
(C) Percentage of zygotic genes that have distinct spatial patterns of expression during ZGA. A majority of genes (55%) show AP early and VP delayed expression.

See also Figure S2 and Table S3.

the regulatory parameters at various phases of development
and measuring nascent transcription would allow us to distin-
guish the contributions of distinct mechanisms. To this end, we
treated EU-injected embryos at various pre-ZGA stages with
cycloheximide (CHX), an inhibitor of translation that has been
widely used for arresting Xenopus embryos in interphase by
administration to the culture medium,**™*’ and analyzed its
effect on nascent transcription by EU-RNA imaging (Figure 3A).

Interestingly, we observed that CHX impacts nascent transcrip-
tion in a stage-dependent manner—no transcription for 3-7.5
hpf arrest, modest transcription for 4-7.5 hpf arrest, and abun-
dant transcription for 5-7.5 hpf arrest (Figure 3B). This result sug-
gests that a developmental window is essential for the embryo
gaining transcriptional competence before ZGA, consistent
with a recent finding in zebrafish,** potentially by accumulating
maternal translation of transcription activators such as the
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pioneering pluripotency factors®'**? and impacting chromatin re-

modeling."”“® Notably, the highly transcribing embryos arrested
from 5 to 7.5 hpf only contain ~500 cells (versus ~5,000 cells in
control embryos at 7.5 hpf; 3—-4 cell cycles behind the control)
in which DNA synthesis is arrested*” (Figure S3A), and the DNA:-
cytoplasm ratio is far below the threshold for ZGA onset.'* This
suggests that once the embryo gains transcriptional compe-
tence, prolonged arrest in interphase may enable nascent
transcript accumulation, although the possibility of cell-cycle-in-
dependent activities, such as translational inhibition of potential
transcriptional inhibitors, cannot be excluded.

We next wondered whether nascent transcription in CHX-ar-
rested embryos represents bona fide ZGA. To test this, first,
we co-microinjected EU with a-amanitin, an inhibitor of RNA po-
lymerase Il (RNAPII), and found that a majority of EU-RNA signal
was abolished, suggesting RNAPII-dependent transcription in
CHX-arrested embryos (Figure 3B). We then performed
EU-RNA-seq to compare the nascent transcriptome between
7.5 hpf control and the CHX-arrested embryos from 5 to 7.5
hpf. Surprisingly, 94% of the genes were similarly transcribed,
and only 4.8% and 1.2% of the genes were downregulated
and upregulated by CHX, respectively (Figures 3C-3F and
S3B-S3D). A majority of the CHX-downregulated genes are un-
named and unannotated (Figures 3G and S3E-S3G), although

¢ CellP’ress

they seem to be involved developmental regulation (Figure 3H);
in contrast, the majority of the CHX-upregulated genes are
named and annotated (Figure S3F) and are enriched in the ecto-
derm-related development (Figures S4E and S4F). These data
suggest that CHX arrest induces nearly full ZGA, despite its
differential impact on subsets of the genome. Notably, this com-
parable level of transcription at 7.5 hpf was reached by the CHX-
arrested embryo (~500 cells) that contains ~10 times fewer
nuclei and DNA template than the control embryo (~5,000 cells),
suggesting higher and possibly earlier transcriptional output per
nucleus in CHX-arrested embryos.

To determine whether CHX treatment induces early ZGA, we
treated embryos with CHX starting from 5 hpf, at which embryos
had gained transcriptional competence, and examined nascent
transcription at time points before the canonical onset of wide-
spread ZGA (Figure 3l). Remarkably, nascent transcription
readily occurred upon CHX treatment from 5 to 6 or 5 to 6.5
hpf, when transcription is not detectable in control embryos
even though they contain many fewer nuclei due to the arrest
(Figures 34, 3K, and S3H). Most strikingly, upon CHX treatment
for 5 to 7 hpf transcriptional output per nucleus is 14.8-fold
higher (Figure 3K), in embryos ~3 divisions behind control
embryos (inferred from cell volume, Figure S3H). Furthermore,
individual zygotic genes could be detected earlier and higher

Figure 3. Reconciling mechanisms that regulate ZGA timing

(A) Experimental design to probe effect of cycloheximide (CHX) treatment on ZGA regulation. Embryos were microinjected with EU at 1-cell stage; treated with
CHX at 3, 4, and 5 hpf, respectively; and analyzed for nascent transcription by confocal imaging or EU-RNA-seq at 7.5 hpf. The red line indicates empirical ZGA
timing in normal embryos. Estimated cell numbers at each hpf are shown for normal embryos.

(B) Imaging nascent transcript (EU-RNA) accumulation in blastomere nuclei of whole-mount embryos. Maximum-intensity Z-projections of several slices from
individual embryo stacks are shown. Left: representative confocal imaging of control embryos, prior to ZGA (5.5 hpf) and at the canonical onset of widespread
ZGA (7.5 hpf). Right: representative confocal imaging of embryos treated with CHX from 3 to 7.5, 4 to 7.5, and 5 to 7.5 hpf, respectively. DNA channel illustrates
number and size of nuclei. Nuclei in CHX-treated embryos are large and round indicating prolonged arrest in interphase. Nascent transcription is absent from
embryos arrested from 3 to 7.5 hpf. Note: nuclear morphology in 3-7.5-hpf-arrested embryos is more heterogenous, but no EU-RNA was observed in nuclei
from multiple repeats of the experiment. Nuclei in blastomeres arrested from 5 to 7.5 hpf show strong levels of nascent transcription, similar to and exceeding
control 7.5 hpf embryos. Signal is RNAPII dependent; inhibited by a-amanitin treatment (bottom). Scale bars, 50 pm.

(C-E) Nascent transcriptome reads for control (wild type) and embryos CHX-arrested from 5 to 7.5 hpf. Each dot represents individual genes from the selected
2,577 genes with log, reads averaged from duplicates quantified by DESeq2. The differentially enriched genes in each group are labeled in red and blue,
respectively, based on a 2-fold threshold (dashed lines) and adjusted p < 0.05. Accumulation of nascent reads from 5 to 7.5 hpf in control embryos (C) and from 5
to 7.5 hpf in embryos arrested in CHX from 5 to 7.5 hpf (D). (E) Comparison of reads during widespread ZGA (7.5 hpf) for control embryos versus embryos CHX-
arrested from 5 to 7.5 hpf.

(F) Embryonic arrest in interphase via CHX treatment from 5 to 7.5 hpf leads to widespread induction of zygotic genes normally induced during ZGA. Percentage
of 2,577 genes in nascent 7.5 hpf transcriptome of control and that in embryos subject to 5-7.5 hpf CHX treatment that are upregulated (red), downregulated
genes (blue) and similarly expressed (gray); calculated from (E).

(G) Gene annotation for subset of the transcriptome that are not induced by arrest with CHX treatment from 5 to 7.5 hpf. Over 80% do not have assigned gene
names in the Xenopus genome.

(H) Motifs strongly enriched in the promoter regions of genes that do not induce in response to CHX arrest and prolonged interphase.

(I) Experimental design to test whether CHX treatment induces premature ZGA. Embryos were microinjected with EU at 1-cell stage, treated with CHX from 5 hpf,
and imaged for nascent transcription at 6, 6.5, and 7 hpf, respectively. The red line indicates ZGA timing in normal embryos at 22°C. Estimated cell numbers at
each hpf are shown for control embryos.

(J) Imaging of nascent transcription (EU-RNA) in nuclei of blastomeres on the animal pole of whole-mount control and CHX-arrested embryos. Maximum intensity
Z-projections from individual embryo substacks are shown. Observation of premature ZGA—nascent transcription—in CHX-arrested embryos treated from 5 to
6,510 6.5, and 5 to 7 hpf. Nascent transcription is largely absent in control embryos at 6 and 6.5 hpf and beginning widespread accumulation in control embryos at
7 hpf. Scale bars, 50 um.

(K) Quantification of nascent transcription in control and CHX-arrested embryos in (J). The nuclear EU-RNA amount in blastomere nuclei was calculated by
multiplying the integrated nuclear EU-RNA signal after cytoplasmic background subtraction by the nucleus volume. A total of 80-160 cells from at least three
embryos were analyzed for each group. Data are represented as mean + SD, and statistical significance was determined by one-way ANOVA (Fisher’s LSD test).
**p < 0.01; ***p < 0.0001.

(L) Schematic summary of precocious ZGA initiated by CHX treatment. Left: CHX induces early ZGA from 5 hpf after embryos have gained transcriptional
competence. Right: CHX treatment promotes nascent transcript accumulation to a higher level and at earlier times in individual nuclei. The color gradient in-
dicates no or low (gray) to high (red) transcription in the nucleus. The red dashed vertical line indicates empirical widespread ZGA onset timing for control
embryos.

See also Figure S3.
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Figure 4. Timing of germ-layer initiation is correlated to spatially graded onset of ZGA

(A) Average transcript levels for ectoderm and endoderm genes in blastula embryos. Nascent reads averaged from replicate embryos. Red, set of ectoderm
genes (N = 111 genes); blue, set of endoderm genes (N = 172 genes) at 5-9 hpf. Mean + SE.

(B) Distribution of time of onset for transcriptional activation of individual genes within ectoderm (red) and endoderm (blue) sets.

(C) Cumulative density of time of onset for transcriptional activation for ectoderm (red) and endoderm (blue) genes.

(D and E) Heatmaps showing Z scores for induction of ectoderm (D) and endoderm (E) genes in control embryos at 7.5 hpf versus embryos treated with CHX from
5to 7.5 hpf. Data are selected genes that have detectable transcriptional induction in control embryos from 5 to 7.5 hpf. Pie chart shows fraction of genes similar
(gray) or upregulated (red) or downregulated (blue), comparing CHX-treated versus control embryos; threshold 1.5-fold difference.

(F) Cumulative density showing induction relative to control of germ-layer genes in CHX-treated embryos at 7.5 hpf. Red, ectoderm; blue, endoderm.

(G) Profile plots for ChlP-seq peaks of RNA Pol Il for ectoderm and endoderm genes, respectively, in embryos at stage 10.5. Data from Session et al.'® The regions
of transcription start site (TSS) +2kb from two replicates are shown. The level of RNA Pol Il binding in the indicated regions is higher in ectoderm genes than in
endoderm genes.

(H) Composite model and pathway describing regulated ZGA onset. Widespread ZGA is inhibited by rapid cell cycles in cleavage-stage embryos. As cell size
reduces, due to cell division without cell growth, a DNA:cytoplasm ratio threshold is reached, promoting cell-cycle elongation and allowing for accumulation of
nascent zygotic transcripts. Cell-cycle elongation is sufficient to promote large-scale ZGA in embryos that have achieved transcriptional competence. Translation
of maternal TFs and histone acetyltransferases are necessary to generate transcriptionally competent embryos. Xenopus blastula embryos contain a gradient of
cell sizes which achieve widespread ZGA onset at different times. A majority of the nascent transcriptome during ZGA displays early activation in smaller cells at

(legend continued on next page)
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levels in embryos arrested with CHX starting at 5 hpf compared
with control embryos by RT-PCR (Figure S3l). Together, these
data suggest that CHX induces precocious ZGA onset by
increasing transcriptional output in individual nuclei (Figure 3L).
These findings agree with an interpretation that short cell cycle
can repress nascent transcription and cell-cycle elongation
can promote large-scale ZGA after an embryo gains transcrip-
tional competence, although it cannot be excluded that separate
translational inhibition by CHX may also contribute to transcrip-
tion.’®*? Noticeably, our finding is consistent with recent obser-
vations made in other embryonic systems, including zebrafish'”
and Drosophila,”® that cell-cycle arrest increases zygotic
transcription. Our study is limited by the inability of using similar
regimens of specific cell-cycle inhibitors such as Cdk inhibitors
which did not rapidly block embryo cleavages (Figure S3J).

Timing of germ-layer initiation is linked to spatially
graded onset of ZGA

Many germ-layer-specific genes are transcribed in the blastula
embryo during ZGA. In Xenopus, we previously found that
cells of the AP —the presumptive ectoderm—initiate large-scale
ZGA ~90 min earlier than cells of the VP—the presumptive
endoderm,'* which is linked to the AP cells reaching a threshold
cell size for ZGA more quickly. We wondered whether the
spatiotemporal patterning of ZGA might contribute to a temporal
ordering of germ-layer-specific gene activation, the chronology
of which is debated in different model embryos.'"'? To deter-
mine whether a temporal order of germ-layer-specific gene
activation exists in Xenopus embryos, we focused on a list of
marker genes that had been experimentally defined and
validated in gastrula embryos for the ectoderm®® and the endo-
derm,?’ respectively. We discovered that on average, the ecto-
dermal genes are more highly transcribed, and a majority are
activated earlier, than the endodermal genes from 5 to 9 hpf
(Figures 4A-4C and S4A-S4D). Chromatin immunoprecipitation
sequencing (ChIP-seq) analysis for RNAPIl and H3K4me3,'®
marks for active transcription, revealed higher transcriptional ac-
tivity in the ectodermal genes than the endodermal genes that
persist in early gastrula (Figures 4G and S4l). However, it should
be noted that several endodermal genes are activated early (Fig-
ure 4B), consistent with previous findings that these genes are
transcribed early in development, potentially regulated by the
maternal T-box factor VegT.*?°° These data, together with those
from the AP/VP spatial patterns'® (Figures 2 and S2), suggest
that the timing of germ-layer initiation is largely correlated with
the regional timing of ZGA onset and that distinct mechanisms
may regulate the germ-layer-specific activation at the single-
gene level.

Analysis of CHX-upregulated genes revealed enrichment in
ectoderm-related development (Figures S4E and S4F). We
wondered whether the ectodermal genes could be upregulated
by CHX treatment from 5 to 7.5 hpf. Most of the ectodermal
genes (68.3%) were hyperactivated, and only 15% genes were

¢ CellP’ress

downregulated in CHX-arrested embryos (Figures 4D and
S4A); in contrast, most of the endodermal genes (62%) were
downregulated, and only 16.3% genes were upregulated in
CHX-arrested embryos (Figures 4E and S4B). The striking differ-
ence in the impact of CHX on expression germ-layer genes
(Figures 4D-4F and S4A-S4D) suggests that the ectoderm
genes might be primed for activation and thus more susceptible
to transcription via cell-cycle arrest. We did not observe a corre-
lation between CHX-induced expression and time of onset
(Figures S4G and S4H). In summary, our data suggest that the
timing of germ-layer-specific gene activation may be linked to
the timing of ZGA in different regions of the embryo. However,
our study demonstrates only a correlative relationship between
spatially patterned ZGA and germ-layer-specific gene activation,
and future studies are required to directly probe the causal link
between these two, ideally by manipulating cell size and ZGA
onset gradient and measuring the regional timing of transcrip-
tional initiation for germ-layer markers.

Composite model for ZGA

The combination of nascent imaging and transcriptome profiling
coupled to embryo arrest at different times provided tools to link
and parse regulatory mechanisms controlling ZGA timing. Our
data are consistent with a model in which ZGA timing is
regulated by the cell-cycle elongation once an embryo gains
transcriptional competence and cells achieve a threshold size
or DNA:cytoplasm ratio (Figures 4H, S4J, and S4K). In multiple
species, including Drosophila and zebrafish, early rapid cell
cycles block zygotic transcription, leading to abortive or short
transcripts.’>'® We interpret the inhibitory effect of short cell
cycles to explain why a normal Xenopus embryo does not initiate
widespread zygotic transcription at 5 hpf, even though it is likely
transcriptional competent, based on our CHX arrest data (from 5
to 7.5 hpf). Importantly, artificial or natural lengthening of cell
cycle promotes zygotic transcription.”®'” For vertebrates,
maturation and lengthening of the early cell cycle are linked to
cells reaching a threshold size,**°' and the DNA:cytoplasm ratio
and histone levels may also regulate the timing of the cell-cycle
lengthening.”'%3%525% This logic helps explain how cells ar-
rested at too low of DNA:cytoplasm ratio, in the CHX-arrested
embryos from 5 to 7.5 hpf, nonetheless initiate ZGA concomitant
with a longer time spent arrested in interphase. Linking these
concepts, we propose a composite model in which Xenopus
embryos must first achieve transcriptional competence, a
necessary step, and then wait to initiate widespread ZGA until
cell-cycle elongation occurs, coupled to when blastomeres
achieve a threshold cell size and DNA:cytoplasm ratio.

Overall, our work demonstrates that EU-RNA-seq is a highly
sensitive method to characterize ZGA and determine the
dynamics of transcription, useful for dissecting regulatory mech-
anisms underlying genome activation. Using this strategy, we
identify distinct spatiotemporal gene expression patterns from
segmented embryos, suggesting multiple modes of ZGA

the animal pole (AP)— the presumptive ectoderm—and later activation in larger cells at the vegetal pole (VP)—the presumptive endoderm. Chronological
sequence of germ-layer induction may be linked to temporally graded onset of widespread ZGA in the blastula. Red, ectoderm genes; blue, endoderm genes. For
clarity, the schematic of embryo is shown rotated 90° counterclockwise along the AV axis from the normal orientation of the embryo. Dotted arrow indicates that

N/C ratio may affect ZGA transcription in a cell-cycle-independent manner.
See also Figure S4.
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regulation in Xenopus, and unveil a potential link between ZGA
patterning and germ-layer initiation in early development. The
methodology is applicable to other embryonic systems, compat-
ible with other high-throughput multi-omics technologies at the
single-cell level, which will catalyze new insights into genome
regulation and cell fating in development.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Matthew
Good (mattgood@pennmedicine.upenn.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® The RNA-seq data generated in this study have been deposited at Gene Expression Omnibus (GEO) and are publicly available
as of the date of publication. Accession numbers are listed in the key resources table.

® The paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experiments in this study were performed using the African clawed frog Xenopus laevis according to the Animal Use Protocol
approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Pennsylvania. Mature Xenopus laevis
females and males were purchased from Nasco, and they were maintained at 20°C in tanks of a recirculating aquatic system.
The females were used for procuring eggs and males were used for preparing sperms, the procedures of which have been described
previously.'* Briefly, to induce ovulation, 100 U of pregnant mare serum gonadotropin (PMSG) and 500 U of human chorionic gonad-
otropin (HCG) were sequentially injected into the dorsal lymph sac of female adult frogs at 3-7 days and 14-15 h, respectively, before
experiment. Before egg collection, the females were temporarily kept at 16 °C in 1x Marc’s Modified Ringer’s (1 x MMR was diluted
from the stock 20x MMR that includes 100 MM HEPES pH 7.8, 2 mM EDTA, 2 M NaCl, 40 mM KCI, 20 mM MgCl,, and 40 mM CaCl,).
Eggs were obtained by gently squeezing the female frogs and collected in glass dishes. After egg procurement, the females were
quarantined in high marine salt for at least one week before returning to the recirculating aquatic system. The ovulated females
were not used until they rested for at least 3 months. To prepare sperms, adult males were euthanized with 0.2% benzocaine for
at least 20 min before dissection for isolating the testes. The isolated testes were kept in L-15 medium on ice and used within
one week. Sperm slurry was prepared by crushing 1/2 of a testis using a plastic pestle in 1 ml of deionized water inside a 1.5-ml micro-
fuge tube.

METHOD DETAILS

In vitro fertilization (IVF)

All IVF in this study were performed at room temperature (22 °C + 0.5 °C). The procedures for IVF have been described previously.'
Briefly, 1 ml of sperm slurry was evenly added onto a monolayer of eggs inside a glass dish collected as described above. The sperms
and eggs were mixed by gently sliding a plastic pestle on the surface of the glass dish. Five minutes after adding sperms, the glass
dish was flooded with ~20 ml of 0.1 x MMR, with all eggs submerged. At ~30 minutes post-fertilization (mpf), the fertilized eggs were
incubated with 20 ml of 2% L-cysteine in 0.1x MMR for 2-5 min and the jelly coats were removed by washing with 0.1x MMR for
multiple times. The embryos were sorted and kept in 0.1x MMR for further use.

Microinjection, cycloheximide treatment and collection of embryos

The procedures for microinjection have been described previously. ' Briefly, embryos at 1-cell stage (~35-40 mpf) were trans-
ferred into a microinjection chamber containing 3% Ficoll in 0.5 x MMR. Embryos were microinjected with 10 nl of 50 mM
5-ethynyl uridine (EU) using a PLI-100 picoliter microinjector (Medical Systems, Greenvale, NY). The final concentration of EU inside
embryos is ~ 0.5 mM, as detailed previously.'® After microinjection, the embryos were transferred into a glass dish containing 3%
Ficoll in 0.5 x MMR for 1-2 h before being transferred in 0.1 x MMR to continue embryo development.

To prepare embryos for characterizing the nascent transcriptome in whole embryos (Figures 1 and S1), embryos from two clutches
(i.e., two individual frogs) were microinjected with EU as described above. EU-microinjected embryos developed to 5, 6, 7, 8 and 9
hours post-fertilization (hpf), respectively, were collected in microcentrifuge tubes (N = 20 embryos each), followed by complete
removal of residual medium before snap-freezing in liquid nitrogen. The biological replicates of samples were stored at -80 °C before
use. To distinguish maternal-zygotic (MZ) genes and zygotic-only (Z) genes during ZGA (Figures 1G-1K and S1H-S1L) based on the
presence of their transcripts in eggs (see below), eggs from two clutches were collected and the egg transcriptome was directly
compared to the nascent transcriptome from embryos at 5-9 hpf. The nascent transcriptome at 5-9 hpf from both experiments
(a total of four replicates) were used for analysis (see below).
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To prepare embryos to spatially characterize the nascent transcriptome in the animal pole (AP) and the vegetal pole (VP) regions
(Figures 2 and S2), embryos from a total of four clutches (i.e., four frogs) were microinjected with EU as described above. Embryos
were segmented via dissection using a hair knife to collect the AP (~ top 1/3 region of embryo) and the VP (~ bottom 1/3 region of
embryo). For one of the four clutches, EU-microinjected embryos developed to 6, 7, 8 and 9 hpf, respectively, and were then
dissected and collected in in microcentrifuge tubes (N = 30 segments each), followed by complete removal of residual medium before
snap-freezing in liquid nitrogen. Two technical replicates of samples were stored at -80 °C before use. For the remainder of the three
clutches, developing EU-microinjected embryos were collected at 5, 6, 7, 8 and 9 hpf and dissected in the same manner as above; AP
and VP regions were collected (N = 50 segments each). A total of five replicates (four biological replicates with one technical replicate)
were used for the spatial nascent transcriptome analysis.

To prepare embryos to characterize the effect of cell cycle lengthening on nascent zygotic transcription (Figures 3 and S3), em-
bryos from one clutch (e.g., one frog) were microinjected with EU as described above. Two replicates of EU-microinjected embryos
developed to 3, 4 and 5 hpf, respectively, were incubated in 0.1 x MMR (control) or 0.1 x MMR containing 0.2 mg/ml of cycloheximide
(CHX) to block embryonic divisions and maintain the cells in the interphase. Control embryos and CHX-treated embryos developed to
7.5 hpf were collected as described above and stored at -80 °C before use. For confocal imaging of nascent zygotic transcription in
single cells, control embryos and CHX-treated embryos at 7.5 hpf were fixed in 4% paraformaldehyde / 1 x MEM (100 mM MOPS pH
7.4,2 mM EGTA, and 1 mM MgSQ,) solution in 2-ml scintillation vials by rotating for 2 hours at room temperature. Embryos were
completely dehydrated with methanol before being stored at -20 °C. To test whether CHX regulated nascent transcription is RNA
polymerase Il dependent, 0.1 ng of a-amanitin was co-microinjected with 5-EU into embryos at 1-cell stage and the embryos
were treated with CHX and fixed as described above.

Cell cycle inhibitor incubation

To assess the effect of specific cell cycle inhibitors on arresting blastula cell cycles (Figure S3J), normal embryos were incubated with
100 uM of Cdk inhibitors, including RO-3306 (Sigma, Cat# SML0569), JNJ-7706621 (Selleck Chemicals, Cat# S1249), AZD5438 (Sell-
eck Chemicals, Cat# S2621), BMS-265246 (Selleck Chemicals, Cat# S2014), and SKPin C1 (Selleck Chemicals, Cat# S8652),
respectively, from 5 hpf to 7.5 hpf. Untreated and DMSO-treated embryos were used as negative controls, and CHX (0.2 mg/ml)
treated embryos were used as positive controls. Live embryos at 7.5 hpf were imaged under a stereomicroscope using Leica Appli-
cation Suite X (LAS X) (Leica Microsystems, Germany).

RNA isolation, biotinylation and purification

Total RNAs were isolated using the RNeasy Mini Kit (Qiagen), following the instructions provided by the manufacturer. Briefly, eggs or
EU-microinjected whole embryos or segmented AP and VP regions were added with 700 pl of Buffer RLT and homogenized by gentle
pipetting the samples up and down for multiple times until all embryos were completely dissolved. The homogenates were added
with 700 pl of 70% ethanol and the mixtures were transferred into the columns used for binding RNA. The columns were span at
13,000 rpm for 1 min. The columns were washed with 700 pul of Buffer RW1 and incubated with 80 ul of DNase | for 15 min at
room temperature. After DNase | incubation, the columns were added with 600 pl of Buffer RW1 and centrifuged at 13,000 rpm
for 1 min. The columns were washed twice with Buffer RPE and completely dried by centrifugation at 13,000 rpm for 2 min. The total
RNAs were finally eluted in 20 pl of RNase-free water.

To biotinylate RNA, 2.5-10 pg of total RNAs were incubated with a 20 pl reaction that contains 2 mM disulfide biotin azide, 50 mM
Hepes (pH 7.5), 1.25 mM CuSO4/THPTA mix and 10 mM ascorbic acid for 1 h at room temperature. The reaction was stopped by
adding 1 ul of 50 mM EDTA. To precipitate the RNA, the reaction was added with 1pl of glycogen, 1 volume of 5 M ammonium acetate
and 700 pl of chilled ethanol, incubated at -80 °C for overnight, and centrifuged at 13, 000x g for 20 min at 4 °C. The supernatant was
removed, and the pellet was washed twice with 700 pl of chilled 75% ethanol by centrifugation at 13, 000xg for 5 min at 4 °C. The
pellet was air dried and resuspended in 10 ul RNase-free H,50.

The nascent EU-RNA was purified using streptavidin beads following the instructions provided by the Click-iT Nascent RNA Cap-
ture Kit (Thermo Fisher Scientific, Cat# C10365), with minor modifications.®® The 10 pl biotinylated RNA from above was added with a
15-pl reaction mix that contains 12.5 ul of Click-iT RNA binding buffer, 0.2 ul of RNaseOUT Recombinant Ribonuclease Inhibitor and
2.3 pl of RNase-free water. The reaction was incubated at 69 °C for 5 min and added with 5 ul of Dynabeads MyOne Streptavidin T1
that were pre-washed with Click-iT reaction wash buffer 2 for three times. The reaction was incubated for 30 min at room temper-
ature. The beads were concentrated using a magnetic separator (Permagen) and sequentially washed with 50 pl of Click-iT reaction
wash buffer 1 for five times and wash buffer 2 for five times. The beads were resuspended in 5 pul of for Click-iT reaction wash buffer 2
and used directly for first-strand cDNA synthesis and subsequent library prep (see below).

EU-RNA-seq and analysis

To perform RNA-seq, cDNA libraries were prepared for total RNA isolated from embryos (‘All’), purified nascent EU-RNA (‘Bead’) and
the flowthrough that contains maternal, non-nascent RNA (‘Flowthrough’). cDNA libraries were prepared using the Universal RNA-seq
with NuQuant kit (NUGEN, Cat# 0364), following the manual provided by the manufacturer. Ribosomal RNAs were depleted using the
custom designed AnyDeplete Probe Mix for Xenopus laevis provided by the kit. The cDNA libraries were further analyzed following the
instructions specified in respective kits below. The quality of cDNA libraries was analyzed using the Agilent High Sensitivity DNA Kit
(Agilent, Cat# 5067-4626) in the Agilent 2100 Bioanalyzer System (Agilent Technologies, CA). The cDNA libraries were subjected to
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size selection using SPRIselect beads (Beckman Coulter, Cat# B23317). The concentrations of cDNA libraries were quantified using the
NEBNext Library Quant Kit (NEB, Cat# E7630). The individual cDNA libraries were pooled at equal molar ratios and the pooled cDNA
libraries were sequenced using the NSQ 500/550 Hi Output KT v2.5 (75 CYS) (lllumina, Cat# 20024906) in the NextSeq 500 sequencer
(lumina, CA). To quantify transcripts, raw sequence data (fastq files) were aligned to Xenopus laevis genome build 9.2 using salmon
v0.12.0.°* Data were normalized for sequencing depth using DESeq?2 (bioconductor v3.8).°° To map the transcripts to the genome,
the STAR (v 2.7.0) aligner®® was used and the peaks were visualized in the Integrative Genomics Viewer (IGV, v2.8.0).°”

To circumvent the issue of potential nonspecific binding of maternal transcripts to beads, we decided to use the net increase of
reads at each blastula timepoint, subtracting as background the 5 hpf reads. When defining the list of nascent transcribing genes
from 5-9 hpf, which we termed the nascent list, the nascent transcriptome data from whole embryos was filtered using the following
criteria for each replicate: (1) the gene is continuously transcribed from 5 hpf to 9 hpf, and (2) at least with an increase of 50 reads and
1.5-fold induction from 5 hpf to 9 hpf (using average reads of 8-9 hpf vs. average reads of 5-6 hpf). The final list was determined for the
genes meeting these criteria in all replicates, which included 2577 genes (used in Figures 1D-1F, S1D, and 3C-3G). To categorize the
nascent list into subgroups of MZ vs Z genes (Figures 1G-1K and S1H-S1L), the presence of transcripts detected in the egg was used
to determine their identities: Z genes were those with < 5 reads in the eggs and MZ genes were those with > 5 reads. The maternal
genes in the rest of all genes were those with the presence of transcripts > 100 reads in the egg but with no transcription in the Bead.
To select the genes most highly transcribed at the MBT from previous studies, the transcriptome data from Session et al.'® (Fig-
ure S1E) and Yanai et al.?° (Figure S1F), respectively, were filtered using the following criteria: at least with an increase of 20 reads
and 1.5-fold induction from Stage 8 (st08) to Stage 10 (st10).

To select genes for categorizing their spatial patterns of activation (Figures 2 and S2), the AP-VP nascent transcriptome data was
filtered using the following criteria for each replicate: (1) the gene is continuously transcribed from 5-9 hpf at either the AP or the VP,
and (2) at least with an increase of 10 reads from 5 or 6 hpf to 9 hpf (using average reads of 8-9 hpf vs. average reads of 5-6 hpf). The
final list was determined for the genes meeting these criteria in at least three out of five replicates, which included 882 genes. To
determine the activation patterns for each gene, the reads at both AP and VP from 5 hpf to 9 hpf were first normalized to their
mean reads and then categorized using the following criteria for each pattern, respectively: (1) AP regional: both the total reads
and the reads at 8-9 hpf were at least 10-fold higher in the AP than the VP; (2) AP early, VP delay: both the total reads and the reads
at 8-9 hpf were 1.5-10-fold higher in the AP than the VP; (3) VP regional: both the total reads and the reads at 8-9 hpf were at least
10-fold higher in the VP than the AP; (4) VP early, AP delay: both the total reads and the reads at 8-9 hpf were 1.5-10-fold higher in the
VP than the AP; (5) Similar: both the total reads and the reads at 8-9 hpf were within 1.5-fold difference between the VP and the AP.
The resulting categorized lists of genes were further manually inspected to remove a small portion of genes with inconsistent profiles
between replicates (at least three out of five replicates) or to correct their categorization based on expression profiles. To determine
the activation onset time for each gene (Figures 2B and S2B), we adapted the method described in Jukam et al.* by fitting the mean-
normalized reads with a smooth spline function and used the time reaching 20% of the maximum reads (the maximum of AP and VP
combined) as the onset time. The fittings were manually inspected and corrected for some genes by fitting with an exponential or
sigmoidal function optimal for them. To determine the average activation onset time for each pattern (Figure S2C), the same fitting
of a smooth spline function was performed except for using the average of the mean-normalized reads for the AP and VP in each
pattern. In Figure 2B, to compare and plot the activation onset time for those genes that were not activated during 5-9 hpf at AP
or VP, their activation onset time was set to 9.1.

Lists of ectoderm and endoderm genes (Figure 4) were defined from previous studies. For ectoderm genes, we used the data from
Blitz et al.?® by selecting the animally enriched genes in gastrula of Xenopus tropcalis and matching their names in Xenopus laevis,
which generated a list of 111 genes. For endoderm genes, we used the data from Sinner et al.?” and matched their names in Affy-
metrix microarray with the ones in Xenopus laevis genome build 9.2 at Xenbase, which generated a list of 172 genes. Because many
germ-layer specific genes are not expressed or very lowly expressed in blastula embryos, to characterize the effect of CHX on germ
layer expression by 7.5 hpf (Figures 4D-4F and S4A-S4D), the ectoderm and endoderm genes were filtered for those genes with an
increase of at least 10 reads from 5 hpf to 7.5 hpf in the control embryos.

Functional enrichment analysis

Gene ontology (GO) analysis for genes with functional enrichment in biological processes was performed using clusterProfiler
(v4.2.0).° The top 10 of the most significantly enriched GO terms were selected and the -log+o(p.adjust) was used as the proxy of
enrichment. The enrichment of motifs at the promoter regions of CHX down-regulated genes or up-regulated endoderm genes
were performed using HOMER (v4.11).%° The names of transcription factors that bind the enriched motifs were manually inspected
and confirmed their presence in Xenopus laevis.

ATAC-seq and ChlIP-seq analysis

To validate the chromatin accessibility of nascent transcripts uniquely detected by EU-RNA-seq (Figures S2M and S2N), the public
ATAC-seq data (GEO accession number: GSE138905) from the animal caps of Xenopus laevis embryos at stages 10 and 12 were
analyzed.®® Three replicates of each stage were included in the analysis. The lllumina Nextera adapter sequences were trimmed us-
ing Cutadapt (v3.7)°° before the ATAC-seq sequences were aligned to the Xenopus laevis genome build 9.2 using Bowtie 2
(v2.3.4.1)°" and BAM files were generated using Samtools (v1.1).° The peak calling was made using MACS2 (v2.2.7.1),°® and the
heatmap and profile plots for the ATAC-seq peaks were generated using deepTools (v3.5.1).%*
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To compare the RNA Pol Il binding and H3K4me3 mark between ectoderm and endoderm genes (Figures 4G and S4l), the public
ChlP-seq data (GEO: GSE76059) from stage 10.5 Xenopus laevis embryos were analyzed.'® The ChIP-seq sequences were similarly
processed to ATAC-seq sequences as described above, except for without adaptor removal.

RT-PCR and real-time PCR

Total RNAs were isolated as described above. cDNA was generated by using the SuperScript Il First-Strand Synthesis System (In-
vitrogen, Cat# 18080-051), following the instructions provided by the product. Briefly, for each sample 2.5 g of total RNA was mixed
with 1 pl of 50 ng/pl random hexamers and 1 pl of 10 mM dNTP mix to make a reaction of 10 ul, which was incubated at 65 °C for 5 min
and placed on ice for at least 1 min. Each reaction was added with 10 pul of cDNA Synthesis Mix, which was composed of 2 pul of 10x
RT buffer, 4 ul of 25 mM MgCly, 2 pl of 0.1 M DTT, 1 ul of RNaseOUT (40 U/ul) and 1 pl of SuperScript Il RT (200 U/ul), and it was
incubated at 25 °C for 10 min followed by at 50 °C for 50 min. The reaction was terminated by incubation at 85 °C for 5 min. To elim-
inate RNA contamination, 1 pl of RNase H was added to each reaction by incubation at 37 °C for 20 min.

RT-PCR was performed by mixing 100 ng of cDNA with 10 pl of the 2x DreamTaq Green PCR Master Mix (Thermo Fisher Scientific,
Cat# K1081) and 0.25 uM of each gene-specific Forward and Reverse primers (see key resources table) to make a total reaction of
20 pl, followed by performing PCR in a Bio-Rad C1000 Touch thermal cycler: 95 °C for 3 min; 25-35 cycles of 95 °C for 30 s, 51-55 °C
for 30 s (note that the choose of annealing temperature is primer dependent) and 72 °C for 30 s; and 72 °C for 10 min. The PCR prod-
ucts were subjected to electrophoresis in 2% agarose gel containing 0.5 pg/ml of ethidium bromide and the gene-specific bands
were visualized under ultraviolet light in a Bio-Rad Gel Doc EZ Imager.

Real-time PCR was performed by mixing 100 ng of cDNA with 10 ul of the 2x PowerUP SYBR Green Master Mix (Thermo Fisher
Scientific, Cat# A25742) and 0.5 uM of each gene-specific Forward and Reverse primers (see key resources table) to make a total
reaction of 20 pl (in triplicates), followed by performing PCR in a QuantStudio 3 Real-Time PCR System (Applied Biosystems) with the
standard cycling mode: 50 °C for 2 min; 95 °C for 2 min; 40 cycles of 95 °C for 15 s, 56 °C for 15 s and 72 °C for 1 min. The melt curve
stage was performed by the following conditions: 95 °C for 15 s (1.6 °C/s), 60 °C for 1 min (1.6 °C/s) and 95 °C for 15 s (0.15 °C/s). The
fold difference in expression level between AP and VP was calculated by 272°1APVP) '\where ACHAP-VP) was the average Ct(AP) of
triplicates — average Ct(VP) of triplicates.

Confocal imaging nascent transcripts in wholemount embryos ad image analysis

Confocal imaging of nascent transcripts in wholemount embryos have been described previously.'®'* Briefly, the fixed EU-micro-
injected control and CHX-treated embryos were sequentially rehydrated with 75%, 50% and 25% methanol in 0.5x SSC (75 mM
NaCl and 7.5 mM sodium citrate) for 10 min each, followed by washing with 0.5x SSC for three times. Embryos were bleached in
the solution of 5% formamide/2% H»0,/0.5x SSC for 6 h under light. Embryos were briefly rinsed with 0.5x SSC for three times,
followed by washing with 1x TBST (containing 0.1% vol/vol Triton X-100) for 30 min each of six times and with 1x TBS for
10 min each of three times. Embryos were incubated with 25 uM TAMRA-azide, 100 mM Tris-HCI pH 8.5, 1 mM CuSQ,, and
100 mM ascorbic acid for 12 h at room temperature. Embryos were extensively washed with 1x TBST at room temperature for
1 day by changing buffer every 2 h. Embryos were incubated with TO-PRO-3 (1:500 dilution) overnight at 4°C, followed by washing
with 1x TBST for 1 day at room temperature by changing buffer every 2 h. Embryos were completely dehydrated in anhydrous meth-
anol by changing it for several times. Embryos were cleared in a mixture of 1 part of benzyl alcohol and 2 parts of benzyl benzoate
(BABB) for 24 h before confocal imaging. Confocal imaging was performed with the ZEN software on a Zeiss LSM710 confocal mi-
croscope. EU-RNA and TO-PRO-3 were imaged with a frame size of 1,024 pixels x 1,024 pixels using lasers 561 nm (0.15% power)
and 633 nm (10% power), respectively, without saturating signals. Z-stacks were collected at an interval of 2 um using the Plan-Apo-
chromat 25x /0.8 immersion oil objective. Images were processed in Fiji (NIH) and presented as Z-projections with maximum inten-
sity for several selected slices.

To assess the effect of CHX on DNA synthesis (Figure S3A), DNA-integrated TO-PRO-3 signal in the nucleus was quantified using
confocal image stacks collected using the 25x objective. A total number of 50-70 cells from five embryos were analyzed for each
group. The boundaries of nuclei and cell of individual blastomeres were manually demarcated in Fiji (NIH) using the slice with the high-
est signal of the TO-PRO-3 channel by specific DNA signal and non-specific background signal, respectively. TO-PRO-3 signal in the
nucleus as well as in the cell was measured and the net nuclear TO-PRO-3 signal was calculated by subtracting the cytoplasmic
background signal from the nucleus signal. The nuclear TO-PRO-3 amount was calculated by multiplying the net nuclear
TO-PRO-3 signal with the nucleus volume assuming a spherical shape of the nucleus.

To quantify the nascent EU-RNA intensity (Figure 3K) and cell size (Figure S3H) of single blastomeres, confocal image stacks
collected using the 25x objective were used. For proper comparison between groups, only blastomeres in the animal pole regions
within 100 um depth of the image stacks were analyzed. For each group, a total number of 80-160 cells from at least three embryos
were analyzed. The nucleus and cell boundaries of individual blastomeres were manually demarcated in Fiji (NIH) using the slice with
the highest signal of the TO-PRO-3 channel by specific DNA signal and non-specific background signal, respectively. EU-RNA signal
in the nucleus as well as in the cell was measured using the EU-RNA channel and the net nuclear EU-RNA signal was calculated by
subtracting the cytoplasmic background signal from the nucleus signal. The nuclear EU-RNA amount was calculated by multiplying
the net nuclear EU-RNA signal with the nucleus volume assuming a spherical shape of the nucleus. Cell size, represented as cell
diameter or cell volume, was also calculated by assuming a spherical shape of blastomeres.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical parameters, including sample numbers, mean and standard deviation or error, were included in Figures and
Figure legends. In Figure 2B, the statistical significance was determined by Student’s t test to compare the activation onset time be-
tween the AP and the VP. In Figures 3K and S3A, the statistical significance was determined by one-way ANOVA (Fisher’s LSD test) to
compare the nuclear EU-RNA level and cell size between control and CHX treatment at various developmental stages. *p < 0.05;
**p < 0.01; **p < 0.001; ***p < 0.0001; ns, not significant. In other plots where p values or adjusted p values (p.adjust) were used,
e.g. for functional enrichment and motif enrichment, the p values were calculated and provided by individual packages in R.
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Figure S1. EU-RNA-seq to characterize the nascent transcriptome in early Xenopus embryogenesis. Related to
Figure 1.

(A) Reproducibility of nascent transcriptome library reads among replicates. Nascent EU-RNA-seq was performed on
two clutches of early embryos (Rep 1 and Rep 2) from 5-9 hpf. Each dot represents individual genes with rlog reads
quantified by DESeq2. Red line: linear fitting of the data in each plot; R squared values for fit.

(B) Beads biochemically capture the nascent transcriptome. Increase in nascent EU-RNA-seq reads each hpf compared
to pre-ZGA, 5 hpf. Each dot represents individual genes with rlog reads averaged from duplicates quantified by DESeq2.
The numbers are genes enriched above 1.5-fold threshold (dashed lines). Red and blue dots indicate increased and
decreased nascent transcripts at each hpf as compared with 5 hpf, respectively.

(C) Schematic describing filtering the transcription data to define the bona fide nascent transcriptome for whole embryos
at 5-9 hpf. The nascent list is further split into zygotic-only (Z) and maternal-zygotic (MZ) genes based on absence or
presence of reads in the egg.

(D-F) Enhanced sensitivity: comparison of reads levels from nascent EU-RNA-seq versus total RNA-seq. (Left)
Summed reads for selected nascently transcribing genes (D, N = 2577), top genes from Session et al. (E, N =591) and
top genes from Yanai et al. (F, N = 696) from 5-9 hpf. Red, EU-RNA-seq for bead-purified nascent RNAs; Orange, total
RNA-seq for all RNAs. Exponential fitting is shown with 95% CI. (Right) Enrichment of reads in nascent transcriptome
as compared with total transcriptome over time. The ratio of summed Bead/All reads was calculated for each hpf from
6-9 hpf.

(G) Genome browser view of reads for representative zygotic genes. Comparing total RNA-seq (top, All; orange),
nascent EU-RNA-seq (middle, Bead; red) and maternal RNA-seq (bottom, Flowthrough; blue). The scales are set to the
same level for each gene. Reads for these zygotic genes are higher in nascent (bead) transcriptome and absent from
the maternal transcriptome (flowthrough), indicating biochemical separation of nascent from maternal.

(H-J) Composition of genes or reads expressed during ZGA.
H) Percentage of genes that are unexpressed, maternal, or induced: maternal-zygotic (MZ) vs. zygotic (Z).
I) Percentage of total reads from nascent transcriptome (Bead) that can be categorized.

K and L) Summed reads for MZ (K) and Z (L) genes from 5-9 hpf. Showing increase of reads, subtracting background
5 hpf). Exponential fitting is shown with 95% CI.

(M) Heatmap for ATAC-seq peaks for genes whose activation was uniquely detected by EU-RNA-seq during 5-9 hpfin
embryos at stages 10 and 12, respectively. Three replicates from each stage are shown (data source: Esmaeili et al.,
Dev Biol 2020). The regions of transcription start site (TSS) +/- 1kb are shown for each gene (each row represents each
gene; N = 240 in total). The indicated regions of majority genes are accessible by stage 10 and further increased at
stage 12.

(N) Profile plot for ATAC-seq intensity in M.

(
(
(J) Fraction of assigned reads from nascent transcriptome (Bead) as development progresses.
(
(
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(Figure S2 Continued)
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Figure S2. Characterizing spatial patterns of single gene activation in early Xenopus embryogenesis. Related to
Figure 2.

(A) Scheme for filtering genes used for analysis of activation patterns at the animal pole (AP) and the vegetal pole (VP).

(B) Representative gene profiles to demonstrate the determination of activation onset time for individual genes. Genes
tfap2a.L (top panels) and mixer (bottom panels) are shown as examples. DESeg2-normalized reads for 5 replicates
(Rep 1-5) and their average (Rep Mean) from the nascent transcriptome at the AP (red) and the VP (blue) at 5-9 or 6-9
hpf. Mean-normalized reads were used for fitting with a smooth spline to determine the activation onset time at the AP
and VP, respectively, based on reaching 20% of the maximum reads.

(C) Categorization of 5 distinct spatial patterns for single gene activation. From left to right: schematic; mean-normalized
reads for individual genes and their average; smooth spline fitting for the average mean-normalized reads to determine
the activation onset time in AP and VP; histogram showing distribution of activation onset time for each gene within a
category for the AP (red) and the VP (blue); genome browser view of example genes for each pattern. AP, red; VP, blue.

(D) RT-PCR for example genes in the patterns of ‘AP Early, VP Delay’ (top panels) and ‘VP Early, AP Delay’ (bottom
panels). Internal control was used for normalization. NTC, no-template control.

(E) Real-time PCR for an example gene grhl3.S in the AP and VP. The expression level was measured from triplicates
and the fold difference between AP and VP is represented as 2-¢“PVP) 'where Ct(AP-VP) was calculated from the aver-
age Ct values of triplicates for AP and VP, respectively. Note that the expression was not detected at 5 and 6 hpf, and
therefore the differences between AP and VP at these time points are not shown. As a reference for the expression
pattern, the inset plot shows the average DESeq2 Reads by EU-RNA-seq in the AP and VP regions, respectively.

(F-1) Top 10 enriched GO terms for patterned genes: ‘AP Early, VP Delay’ (F), ‘VP Regional’ (G), ‘VP Early, AP Delay’ (H)
and ‘Similar’ (I). The GO terms for ‘AP Regional’ genes could not be enriched due to small number of genes in this list.
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(Figure S3 Continued)

| RT-PCR for Control and CHX-arrested Embryos
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Figure S3. Effect of CHX on nascent zygotic transcription. Related to Figure 3.

(A) DNA amount in nucleus of control embryos or embryos treated with cycloheximide (CHX). DNA was stained with
TO-PRO-3 and the nuclear DNA amount was calculated by multiplying the nuclear intensity (subtracted with cytoplasmic
background) by the volume of nucleus. Analyzed cell numbers from representative images: N = 66 (Control 5.5 hpf), N
=61 (Control 7.5 hpf), and N = 57 (CHX 5-7.5 hpf). Data are represented with Mean + SD. ns, not significant.

(B-C) Increase in nascent transcription from 5 to 7.5 hpf for control (A) and cell cycle elongated (B) embryos. Using all
genes in the genome. Each dot represents individual genes with log2 reads averaged from duplicates quantified by
DESeq2. Differentially enriched genes in each group are labelled in red (up) and blue (down), based on a 1.5-fold
threshold (dashed lines) and padj <0.05.

(D) Comparison of log2 reads from cell cycle elongated (CHX) versus control embryo at 7.5 hpf, during widespread ZGA
onset. Each dot represents each gene in the genome.

(E) Volcano plot showing fold-change in expression comparing cell cycle elongated (CHX) versus control embryos.
Labels show top 20 genes most differentially expressed. The numbers of up-regulated (red) and down-regulated (blue)
genes by CHX are indicated. The horizontal dashed line indicates 1.3 (a threshold of padj = 0.05) and the two vertical
dashed lines indicate -1 and 1, respectively (a threshold of 2-fold change).

(F) Comparison of gene annotation information between down-regulated (top) and up-regulated (bottom) genes in the
cell cycle elongated embryos (CHX) compared to control at 7.5 hpf. Showing percentage of genes that are named or
unnamed, on chromosomes or unassigned scaffold contigs, or both.

(G) Genome browser view of example genes only weakly induced by cell cycle elongation (CHX) compared to control.

(H) Quantification of cell size in control and CHX-arrested embryos from 5 hpf. Cell size is represented as cell diameter
(um, Left) and cell volume (nl, Right) calculated by assuming a spherical shape of blastomeres. A total of 80-160 cells
from at least three embryos were analyzed for each group. Data are represented as mean + SD.

(I) RT-PCR for zygotic genes early activated in CHX-arrested embryos from 5 hpf to 5.5-8 hpf as compared with control
embryos. The gene odc.S is used as a loading control. NTC, no-template control. LC, low contrast; HC, high contrast.

(J) Inhibitor incubation from 5-7.5 hpf to characterize cell cycle arrest in blastula stage embryos. The final concentration
in media is 0.2 mg/ml for CHX and 100 pM for the indicated Cdk inhibitors (~ 1,000 to 10,000-fold higher than respective
Ki). Untreated and DMSO-treated embryos are used as controls. Only CHX is able to permeate Xenopus embryos o
rapidly induce cell cycle arrest and Cdk inhibitors fail to arrest embryo division. Scale bar, 1 mm.
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Figure S4. Premature cell cycle elongation over-induces the ectoderm germ layer program. Related to Figure 4.

(A and B) Heatmaps for log2 reads of the ectoderm (A) and endoderm (B) genes with or without CHX treatment. Data
shown are selected for genes that are induced in control embryos from 5-7.5 hpf. The up-regulated (red), down-regulat-
ed (blue) and not significantly changed (grey) genes are categorized based on a 1.5-fold difference threshold.

(C) Heatmaps for log2 ratio of gene induction in CHX/Control for ectoderm (left) and endoderm (right) genes at 7.5 hpf.

(D) Histogram for log2 ratio of gene induction in CHX/Control for ectoderm (red) and endoderm (blue) genes at 7.5 hpf.
Ectoderm is largely over-induced by cell cycle elongation; endoderm is largely under-induced.

(E) Top 10 enriched GO terms for genes that are significantly over-induced by cell cycle elongation (CHX).
(F) Genome browser view of example ectoderm genes over-induced in CHX-treated embryos.

(G and H) No correlation between activation onset time and log2 ratio of gene induction in CHX/Control for ectoderm (G)
and endoderm genes (H) as in A and B.

(I) Profile plots for ChlP-seq peaks of H3K4me3 for ectoderm and endoderm genes, respectively, in embryos at stage
10.5. The regions of transcription start site (TSS) +/- 2kb from two replicates are shown (data source: Session et al.,
Nature 2016). The level of H3K4me3 in the indicated regions is higher in ectoderm genes than endoderm genes.

(J) Mechanistic regulation of ZGA via cell size, N/C ratio and cell cycle elongation in Xenopus early embryo. During Xen-
opus early development, a fertilized egg undergoes rapid reductive cell divisions without cell growth until mid-blastula
stages, resulting in progressive reduction in blastomere cell size. Because the DNA amount remains constant in each
cell, the N/C ratio increases. When the cell size or N/C ratio reaches a critical threshold, blastomeres elongate their cell
cycle via Chk1, potentially via limiting replication factors and fork stalling, or reduced histone dependent repression of
Chk1; RNAPII occupancy may also impact fork stalling. Early rapid divisions block zygotic transcript accumulation
because interphase duration is too short for transcriptional accumulation. Once the cell cycle is elongated, a majority of
nascent transcripts quickly build up, providing the basis for widespread gene expression during the major wave of ZGA.

(K) A Waddington model for germ layer initiation whose timing is linked to regulated ZGA: cell size reduction down the
landscape determines the rate at which ZGA initiates and subsequent germ layer specification. The fertilized egg under-
goes asymmetric divisions generating small cells at the animal pole (AP), the presumptive ectoderm, and large cells at
the vegetal pole (VP), the presumptive endoderm. Smaller AP cells reach a cell size threshold faster than the large VP
cells. AP cells are the presumptive ectoderm and thus early ZGA leads to earlier expression of the ectoderm program.
VP cells are the presumptive endoderm and delayed ZGA onset delays expression of the endoderm program. Note: the
timing of initiation of the mesoderm program is inferred.
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