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SUMMARY

Embryonic cell differentiation depends on reprogramming of the oocyte and sperm nucleus into a transient 
totipotent state. In zebrafish, this coincides with genome activation, which is regulated by the pioneer factors 
Nanog, Pou5f3, and Sox19b (NPS). Here, we investigate the role of NPS in developmental reprogramming and 
differentiation by analyzing the fate of NPS mutant cells in a wild-type embryo using single-cell RNA-seq. We 
find that many cells fail to activate transcription or undergo cell death, while others acquire gene expression 
profiles that resemble germ cells, neural progenitors, and motoneuron states. These cells achieve interme-

diate transcriptional states, revealing the essential role of NPS in coordinating nuclear and cytoplasmic re-

programming and preventing the premature activation of lineage-specific differentiation programs. These re-

sults demonstrate that most developmental programs require developmental reprogramming by NPS, yet 
some cells can bypass transient totipotency to achieve intermediate developmental states resembling 
wild-type states in vivo.

INTRODUCTION

Fertilization initiates a large-scale remodeling of the nucleus and 

the cytoplasm during maternal-to-zygotic transition (MZT). This 

is a conserved developmental event in which maternal gene 

products deposited during oogenesis initiate the activation of 

the zygotic genome and trigger the clearance of maternal 

RNAs, enabling the onset of embryonic development. 1 During 

this transition, chromatin remodeling, transcriptional activation, 

and posttranscriptional regulation collaborate to shift control 

from maternal to zygotic programs. This transition resembles a 

reprogramming event, conceptually linked to the pioneering 

work demonstrating that the egg cytoplasm can reprogram a so-

matic nucleus back to a totipotent state. 2 These nuclear transfer 

experiments established that maternal factors are sufficient to 

erase and reset gene expression programs, highlighting the 

intrinsic reprogramming capacity of the oocyte. However, the 

specific factors and mechanisms by which this reprogramming 

is executed remain only partially understood. These observa-

tions also suggest that MZT provides the physiological context 

in which the nucleus and cytoplasm are reset to a transient toti-

potent state competent for differentiation. Still, it remains unclear

whether this transient acquisition of developmental plasticity is 

strictly necessary for lineage specification. Can cells that fail to 

undergo nuclear reprogramming still differentiate, and can 

extrinsic signals compensate for the loss of this developmental 

reprogramming?

Somatic cells can be reprogrammed into IPS cells by the tran-

scription factors (TFs) NANOG, POU5f1 (formerly Oct4), and 

SOX2, which drive epigenetic reprograming in development. 3,4 

In zebrafish, Nanog, Pou5f3, and Sox19b (NPS) are pioneer fac-

tors that mediate chromatin opening and coordinate the first 

waves of gene expression during zygotic genome activation 

(ZGA). 5–8 They also activate the expression of the conserved mi-

croRNA miR-430, which represses and degrades many mater-

nally deposited transcripts to facilitate the transition to the zygotic 

program. 1,9,10 To study their function during embryogenesis, we 

previously generated a triple maternal-zygotic nanog− /− ; 

pou5f3− /− ; sox19b− /− mutant zebrafish (MZnps) devoid of all 

three pioneer factors. 11 MZnps embryos display defects in chro-

matin accessibility, fail to activate a fraction of the zygotic 

genome, and fail to clear maternal mRNAs, resulting in develop-

mental arrest before gastrulation at 4 h postfertilization (hpf). 7,11 

It has been hypothesized that the molecular effects of chromatin
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opening and maternal mRNA clearance, initiated by these pioneer 

factors, lead to a transient totipotent state required for subsequent 

cell differentiation following gastrulation. 1 However, because 

MZnps embryos fail to gastrulate, it has not been possible to 

assess their differentiation capacity in vivo.

In this study, we ask whether embryonic cells that fail to repro-

gram via NPS factors retain any capacity to differentiate. Do they 

arrest development due to the failure of ZGA, or can they give 

rise to cell types resembling those in wild-type (WT) embryos? 

Alternatively, does the lack of NPS lead to the emergence of 

novel or aberrant cell states? To address these questions, we 

transplanted MZnps cells into a WT embryonic environment to 

investigate their developmental potential. This system allowed 

us to test the nuclear and cytoplasmic reprogramming hypothe-

sis in vivo and ask whether distinct cellular states can emerge 

despite disrupted reprogramming.

RESULTS

Single-cell transcriptome analysis of WT and MZnps 

mutant cells

Embryos lacking Nanog, Pou5f3, and Sox19b (MZnps) fail to 

properly activate a significant subset (37%) of zygotic genes, ar-

rest at 4 hpf, and fail to gastrulate, precluding the analysis of their 

developmental potential beyond gastrulation. 7,11 To understand 

whether MZnps mutant cells can survive and differentiate 

into different cell types, we transplanted mutant (MZnps) or 

WT donor cells into GFP + WT hosts at the blastula stage 

(∼3.3 hpf), when cells are pluripotent. 12 Donor cells were then al-

lowed to develop and imaged at 12 hpf when the major cell line-

ages have been specified (illustrated in Figure 1A). We found that 

MZnps donor cells integrated into WT hosts, albeit at a lower 

frequency than WT donor cells (Figure 1B). Indeed, consistent 

with the critical function of NPS in early development, 7,11,13,14 

MZnps mutant cells undergo cell death at a higher proportion 

(∼80%) than WT donor cells (<2%; cleaved Caspase-3 + or nu-

clear DAPI − ; Figure S1). Yet, remarkably, ∼20% of MZnps donor 

cells presented a normal morphology, stained positively for nu-

clear DAPI, and were not labeled by cleaved Caspase-3 

(Figures 1C, S1C, and 1D). This indicates that MZnps cells are 

capable of surviving beyond gastrulation if they develop in a 

WT embryonic environment, providing the unique opportunity 

to understand their developmental potential in vivo in the 

absence of NPS-mediated reprogramming.

To investigate the transcriptional state of MZnps cells, we 

developed a method for rapid enrichment of donor cells relative 

to host cells for subsequent single-cell RNA sequencing (scRNA-

seq; illustrated in Figure 2A). 15,16 Briefly, we expressed a trun-

cated human cell-surface marker CD4 (hCD4) and DsRed in 

donor WT or MZnps embryos by mRNA injection. At 3.3 hpf, 

we transplanted these labeled WT or MZnps donor cells into 

similarly staged WT host embryos. Embryos were allowed to 

develop, and at the 3–6 somite stage (∼11–12 hpf), 50 embryos 

were dissociated and pooled for each replicate (see methods). 

We enriched the dissociated cell suspensions for donor cells 

2.26-fold with hCD4-binding MicroBeads and magnetic column 

retention (Figures S2A–S2C). We then performed scRNA-seq 

(10x Genomics) on donor-enriched cell suspensions (Figure 2A).

We obtained high-quality transcriptome data from 10,551 

cells. WT and MZnps donor cells were distinguished from WT 

hosts based on the enrichment of DsRed and hCD4 marker tran-

scripts and the pattern of single-nucleotide variants (SNVs; see 

methods; Figures 2B and 2C). In total, we identified 810 MZnps 

mutant donor cells across two replicates and 3,869 WT donor 

cells, with the remaining 5,872 cells derived from the WT host 

(Figures 2D–2F, S2D, and S2E). The lower recovery of MZnps 

donor cells compared with WT donor cells was consistent with 

our image analysis and the increased cell death of MZnps mutant 

cells (Figures 1C and S1). Among a total of 19,782 genes de-

tected (≥1 UMI in >5 cells), 17,775 (89.9%) were detected in 

both WT and MZnps populations, including 770 zygotic genes 

(Figure S2F, S2G, and S2H). However, 1,991 genes were only 

detected in WT cells (Table S1; Figure S2F), consistent with an 

essential role for NPS in activating a fraction of the genome. 11,17 

Together, these results suggest that we can distinguish MZnps 

and WT donor-derived cells from WT host cells and profile their 

transcriptomes at single-cell resolution following development 

in vivo.

To compare the transcriptomes of MZnps and WT donor cells, 

we analyzed the gene expression differences for 6,632 highly 

variable genes, selected the top 100 principal components, 

and embedded the data in 2D (see methods). WT donor cells 

aligned with WT host cells (Figure 2F), indicating their transcrip-

tomes closely resembled those of host tissues. In contrast, 

MZnps mutant cells largely segregated from both donor WT 

and host WT cells (Figure 2F). This indicates that the transcrip-

tional state of MZnps cells is distinct from that of WT cells. 

Profiling the transcriptome of individual MZnps donor cells pro-

vided a unique opportunity to determine whether these cells 

can differentiate in vivo without NPS-dependent reprogramming, 

and, if so, what cell fates they achieve. We reasoned that MZnps 

cells might follow one of three possible trajectories: (1) arrest 

their development entirely as occurs in MZnps embryos; 

(2) collapse into a single, uniform developmental state; or (3) ac-

quire diverse developmental states, indicative of developmental 

plasticity toward differentiation. Support for the latter would be 

evidenced by the emergence of reproducible subpopulations 

of mutant cells with distinct patterns of enriched genes and bio-

logical processes.

MZnps cells differentiate into subpopulations with 

distinct, reproducible expression states

To investigate whether MZnps cells can differentiate in vivo into 

different populations, we first constructed a graph of gene 

expression similarity among MZnps cells that was used to clus-

ter cells into subpopulations with distinct expression character-

istics. We identified five subpopulations that were represented in 

both mutant replicates (KO 1–5; Figures 3A and S3A).

Enriched genes within each subpopulation included develop-

mental TFs typically expressed in distinct tissues during develop-

ment (Figures 3C and 3D; Tables S2 and S3). KO 1, the most 

abundant subpopulation accounting for more than 60% of MZnps 

cells (n = 550), was associated with the enriched expression of 

meis1a, znf703, cdh1, bcar1, and anxa11a. These genes are 

associated with epithelial morphogenesis, and their expression 

is enriched in somites and the notochord (Figures 3C, 3D,
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and S3B). 18,19 These cells showed increased expression of 

apoptosis-associated genes relative to WT cells (95% above 

mean WT expression levels), suggesting that these cells may 

have reached a dead-end due to the lack of developmental re-

programming in the absence of NPS (Figures 3B, S3C, and S3D).

KO 2 (n = 132) was characterized by a major failure in tran-

scriptional activation, with 2,597 genes downregulated relative 

to other subpopulations. This included 858 genes (33%) that 

are co-bound by NPS during ZGA. 11 Among the 88 upregulated 

genes, 56 belonged to the histone cluster 1 H2A family located
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Figure 1. Embryonic cells lacking pioneer factors Nanog, Pou5f3, and Sox19b can survive in a wild-type embryo

(A) Illustration of zebrafish blastula transplants. Wild-type (WT) or MZnps donor embryos were injected with GFP mRNA. At 3.3 hpf, WT or MZnps GFP donor cells 

were transplanted into unlabeled WT hosts and imaged at the 3–6 somite stage (ss; ∼12 hpf).

(B) Host embryos imaged at 3–6 ss containing GFP+ donor cells (green) from either WT (left) or MZnps mutant embryos (right) as in )A). The region of analysis is 

indicated by the transparent shading. Nuclei labeled with DAPI (blue). Insets show GFP+ cells (gray). Scale bars, 100 μm.

(C) Representative examples of GFP+ donor cells (green) from WT (top) and MZnps (bottom) showing ‘‘normal morphology.’’ Nuclei of WT host and donor cells are 

labeled with DAPI (blue); cleaved Caspase-3 is shown in pink. Scale bars, 10 μm. See Figure S1.
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Figure 2. Enrichment and identification of MZnps donor cells enables in vivo profiling of cell states

(A) Approach used to enrich cell suspensions for donor cells from dissociated host embryos (see methods). Single-cell sequencing was performed on the donor-

cell enriched suspension.

(B). Detection per cell (left) and read-data alignment (right) for an A to C mutation in the 3 ′ UTR of trappc5 (chr1:45669273), present in reads from WT host cells (top) 

and not MZnps donor cells (bottom). Bar plots, number of cells in which the SNV was detected per condition. Black, cells with the detected variant in a 2D PHATE 

embedding of all sequenced cells.

(C) Detection per cell (left) and read-data alignment (right) for a T to C mutation in the 3 ′ UTR of ing2 (chr1: 39981701), only detected in reads from MZnps donor 

cells (bottom). Format of graph same as in (B).

(legend continued on next page)
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on chromosomes 7 and 25 (Figures 3C, 3D, and S3B). These re-

sults are consistent with a significant defect in genome activation 

in this cell population.

KO 3 (n = 93 cells) was characterized by neuroectodermal 

genes and was associated with GO terms such as the generation 

of neurons (OR 26.7, FDR 7e-13) and nervous system develop-

ment (OR 14.5, FDR 1e-07; Figures 3B–3D; Tables S2 and S3). 

Upregulated genes included multiple genes from the orthoden-

ticle homeobox family (otx1, otx2a, and otx2b), 20,21 paired box 

genes (pax3a and pax6a), and SoxB1 orthologs to sox19b 

(sox2, sox19a, and sox21a) that are critical to establish and main-

tain neural progenitors. 22 Expression of SoxB1 orthologs might 

function as a compensatory response to Sox19b loss-of-func-

tion in NPS triple mutants. 23–25 Wnt signaling was the molecular 

pathway most significantly over-represented among KO 3 

markers (Figure S3B).

KO 4 had GO term enrichment for neurogenesis-related terms, 

which include the genes ELAV-like neuron-specific RNA-binding 

protein elavl3, hairy-related 13 (her13), and scratch 2 (scrt2; 

Figures 3B–3D). We also observed expression of the ligands 

and receptors of the Notch signaling pathway (dla, dlb, dlc, 

dld, and notch1a), which is involved in motoneuron differentia-

tion (Figures 3C and S3B; Tables S2 and S3) 26–28

Finally, KO 5 (n = 11) was enriched for nanos3, ddx4 (vasa), and 

dnd1, all genes that are maternally loaded and play critical roles 

in primordial germ cell (PGC) development (Figures 3B–3D). 29–31 

Together, these data suggest that MZnps cells in a WT environ-

ment are not a homogenous population; instead, they activate 

different gene expression programs leading to diverse develop-

mental states.

MZnps expression states resemble neural progenitors, 

neurons, and germ cells

We next asked whether MZnps cells are directed toward WT 

cellular states or activate distinct gene expression programs 

and cellular states. To investigate these possibilities, we first 

analyzed whether MZnps cells align transcriptionally with WT 

cells (Figure 4 and S4). Briefly, we used publicly available sin-

gle-cell data to assemble a WT reference of ∼120,000 cells en-

compassing 13 time points spanning 4–24 hpf (Figure 4C). 32–34 

We then determined the Euclidean distance between cells using 

the top 100 principal components of highly variable genes for 

mutant cells, WT cells, and the reference dataset. We identified 

the cells in the reference that were most similar to WT or MZnps 

cells in our dataset, known as ‘‘nearest neighbors.’’ This 

approach allowed us to (1) annotate the cell types for WT host 

and donor cells (Figures 4A and 4B; see methods), (2) identify 

the cell types most similar to MZnps subpopulations over embry-

onic development (Figures 4C–4F and S4C), and (3) define the 

chronological state of mutant cells based on the developmental 

stage of the nearest neighbors (Figures 4C, S4A, and S4B). 

Because the developmental fate of cells is influenced by the 

local morphogen signals and their position within the embryo,

we compared cell-type abundance from WT hosts vs. WT do-

nors. We observed an enrichment for ectodermal lineages and 

a depletion of mesodermal lineages among WT donor cells 

(Figures 4B and S4A). Similarly, the nearest-neighbors to the 

MZnps cells were also enriched in neuroectodermal lineages, 

suggesting that the transplantation method for WT and MZnps 

donor cells was similar (Figures 4C and 4E). This analysis also in-

dicates that the differentiation state of MZnps cells was influ-

enced by the host environment. Indeed, except for KO 2, MZnps 

mutant cells expressed receptors for secreted signaling factors 

(BMP, FGF, Nodal, Hh, Wnt, and retinoic acid) and their target 

genes (Figure S4D). These results suggest that most MZnps cells 

can respond to extrinsic developmental signals in a WT embryo. 

The nearest neighbors for KO 1 and KO 2 in the reference data-

set were enriched for embryonic stem cells (ESCs) and the ecto-

derm, which were predominantly observed in earlier develop-

mental time points (Figures 4E, 4G, S4B, and S4C). Gene 

expression in KO 3 cells was enriched in nearest neighbors for 

neural tissues such as the developing mid-hindbrain boundary 

(MHB), forebrain, early neural progenitors and neural crest cells 

and was correlated with MHB cells (r = 0.60) (Figures 4E, 4G, 

S4B, and S4C). Gene expression in KO 4 was strongly correlated 

with both motoneurons (r = 0.74) and interneurons (r = 0.71), 

which, combined, represented ∼86% of its nearest neighbors 

(Figures 4E, 4G, S4B, and S4C). Consistent with this correlation, 

the nearest neighbors to KO 4 were predominantly observed in 

later developmental stages (Figures 4D and S4B). Finally, all 

the nearest neighbors to KO 5 were PGCs and had a similar 

developmental stage (Figures 4E, 4G, S4B, and S4C). Gene 

expression in KO5 cells was highly similar to that of PGCs, 

with a correlation coefficient of 0.96—higher than the correlation 

observed between WT cells and their reference cell types 

(r = 0.92). Consistent with these observations, the genes most 

specific to subpopulations KO 3–5 were also enriched in neural 

tissues (KO 3), motoneurons/interneurons (KO 4), and PGCs 

(KO 5; Figure 4F). The tissue-specific marker genes for these tis-

sues were also significantly over-represented in each KO sub-

population (Figure 4G). Together, these results reveal that in 

the absence of the reprogramming factors NPS, many cells stall 

in development, yet a subset of mutant cells can activate 

distinct transcriptional programs that resemble those of WT 

cells, including neural progenitors, interneurons/motoneurons, 

and PGCs.

Loss of NPS lead to partial WT-like states with hallmarks 

of defective nuclear and cytoplasmic reprogramming 

We next examined which gene programs defined the similarities 

between KO subpopulations and specific WT states. KO 3, KO 4, 

and KO 5 each shared sets of genes with their closest WT neigh-

bors—namely, neural progenitors, motoneurons/interneurons, 

and PGCs, respectively (Figure 5A). However, each KO group 

also lacked several key marker genes found in these WT states 

(Figures 5A–5D). We reasoned that the generation of mutant

(D) Violin plot of normalized DsRed mRNA expression in single cells from MZnps (KO) donor cells (red) or WT donor cells (blue) and WT host cells (green).

(E) Same as (D) for normalized hCD4 mRNA expression.

(F) A 2D PHATE embedding of WT host (green), WT donor (blue), and MZnps (red) cells overlaid and individually (inset). Bar plot, number and relative percentage of 

cells per condition in the total datasets. See Figure S2; Table S1.
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cell states in the absence of the pioneer factors NPS could be 

derived from defective nuclear or cytoplasmic reprogramming 

after fertilization. Alternatively, mutant cells might be able to acti-

vate the gene expression modules (EMs) present in WT cells via 

mechanisms independent of NPS. To test these hypotheses, we 

first identified gene EMs based on the maternal or zygotic 

expression and their dependency on NPS in WT and MZnps em-

bryos between 2.5 and 6 hpf. This analysis revealed 9 EMs with 

distinct expression, chromatin accessibility, NPS binding, and 

miR-430 site enrichment dynamics (Figures 6A–6F and S5; 

Table S5). These EMs represent distinct combinations of 

genome regulation dynamics, including NPS-dependent degra-

dation (EMs 1 and 2), NPS-independent degradation (EM3), 

NPS-dependent activation (EMs 4–7), and NPS-dependent 

repression (EMs 8 and 9; Figures 6A–6F).

Next, we analyzed gene expression across the different KO 

cell clusters and identified four major patterns of gene regulation 

in the absence of NPS (Figures 5E, 6H, and S6). First, we 

observed a failure in cytoplasmic reprogramming, characterized 

by the upregulation of miR-430 target genes due to impaired 

miR-430-mediated mRNA clearance (Figure 5E). This pattern 

was present across all KO subpopulations but was especially 

prominent in KO 1. Representative genes include hoxb2a, 

hoxa2b, hif1a, meis1a, myocb1 (KO 1; Figure S6A); sod1, 

nr2f1b, and gstp1 (KO 4; Figure 6H); and hbp1, phax, and 

exrb1 (KO 5; Figure S6D; Table S5). These genes generally 

belong to embryonic module EM1 and exhibit strong maternal 

persistence, with some showing even higher expression in KO 

cells compared to WT cells at 12 hpf (Table S1). Their enhancer 

regions are typically depleted of NPS-binding sites, and the 

3 ′ UTRs are enriched for miR-430 seed sequences (Figures 5E, 

6B, and 6C). This suggests that another major source of tran-

scriptional differences in MZnps cells is that they fail to clear 

many maternally provided transcripts. This pattern results from 

reduced miR-430 expression, which depends on NPS for its zy-

gotic activation, leading to maternal mRNA clearance and tran-

scriptional reprogramming of the cytoplasm.

Second, we identified a failure in nuclear reprogramming, 

marked by the strong downregulation of genes in EMs 4–6, 

which are normally enriched for NPS binding and show reduced 

chromatin accessibility at their promoters and enhancers in KO 

cells (Figures 6E and 6F; Table S5). The genes that were down-

regulated in KO 3, KO 4, and KO 5 compared to WT showed fea-

tures of NPS-dependent activation, including the enrichment of 

NPS-binding sites in their regulatory regions (Figure 6E; 

Table S4). For example, in KO 4, 65.5% (19/29) of the top down-

regulated genes were NPS bound (Figure 5C). Genes in these 

modules include otx2a and foxd3 (KO 3; Figure S6C) and ddl, 

cxcr4b, and elavl3 (KO 4; Figure 6H). Their enhancer regions

include NPS binding (Figure 5E), and their reduced expression 

is consistent with NPS’s role in the activation of the zygotic 

genome, which is necessary for transcriptional reprogramming 

of the nucleus. This suggests that one major source of transcrip-

tional differences in MZnps cells is their failure to transcribe 

genes that are normally expressed immediately upon ZGA. 

Third, we found a group of genes showing premature zygotic 

transcription in MZnps mutants. Some of these genes, like tet3 

and angptl4, are normally repressed by NPS during nuclear re-

programming, while others—such as mfap2 and nat16—are 

not bound by NPS and may be activated through compensatory 

mechanisms involving TFs that compete with NPS during 

genome activation (Figure 5C; Table S5). These genes are asso-

ciated with either high (EM8) or low (EM9) NPS binding and show 

mild enrichment for miR-430 seed sites, suggesting that their 

misregulation results from both failed nuclear and cytoplasmic 

reprogramming (Figure 5E). Notably, many of these genes (neu-

rod1, neurod4, nhlh2, scrt2, and isl1) are neural regulators that 

are prematurely activated in MZnps embryos as early as 5 hpf 

(Figure 6H). These findings suggest that NPS prevents prema-

ture expression of lineage-specific genes during early develop-

ment, either through direct repression or by competing with 

other TFs for access to the transcriptional machinery, thus sup-

porting a model in which NPS functions as a developmental 

brake.

Finally, the fourth pattern was specific to KO 5 and featured 

strong enrichment for PGC markers. Most of these genes (e.g., 

ddx4, dnd1, and nanos3) are maternally deposited in the germ 

plasm and showed consistent expression in both WT and MZnps 

embryos (Figures 5A, 5D, and S5B). This expression pattern 

aligns with EM2, which is characterized by a lack of NPS binding, 

indicating that PGC specification occurs largely independently of 

NPS-dependent reprogramming.

Together, these analyses show that NPS governs three 

distinct developmental roles: cytoplasmic reprogramming 

through the clearance of maternal mRNAs, nuclear reprogram-

ming through the direct activation of zygotic genes, and tran-

scriptional competition that prevents premature lineage-specific 

transcription.

Cell states reflect reprogramming defects and 

compensatory gene activation

Next, we analyzed how early EM dynamics influence the devel-

opmental plasticity of MZnps cells and their transcriptional 

states later in development at 12 hpf. To this end, we calculated 

the likelihood of different EMs contributing to KO clusters and 

WT cells (Figure 6G). Each KO group displayed unique combina-

tions of EMs, some of which were absent in WT tissue states. 

For example, KO 1 states were represented by EMs 1, 2, 4, 5,

Figure 3. MZnps cells differentiate into distinct expression states in vivo

(A) 2D PHATE embedding of MZnps donor cells (810 total) colored by 5 subpopulations (KO 1–5). Bar plot, number of cells (x100) per subpopulation.

(B) The top 3 Gene Ontology terms significantly over-represented (FDR < 0.05) among top marker genes (n = 100) of each MZnps subpopulation (indicated by bar 

color as in (A)).

(C) Heatmap showing the normalized expression in single cells for the top 14 marker genes in each MZnps subpopulation. Rows, cells (sub populations indicated 

in the color bar as in (A)); columns, genes; color, expression (min-max scaled across cells).

(D) 2D PHATE embedding colored by smoothed expression of select transcription factors identified among markers of MZnps subpopulations. See Figure S3; 

Tables S2 and S3.
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8, and 9; this combination did not appear in any WT tissue states 

at 12 hpf, suggesting that these cell states do not exist in WT and 

derive from failed developmental reprogramming in MZnps cells. 

In contrast, KO 4 cells were shaped exclusively by EMs 6 and 9, 

which also contributed to interneuron and motoneuron states, 

and KO 5 states were defined by EMs 2, 3, and 4, a combination 

that was uniquely associated with 12 hpf PGCs (Figure 6G). 

These results highlight the critical role of early embryonic EMs, 

shaped by developmental reprogramming, in determining the 

cell states reached later in development.

Finally, we analyzed how embryonic EMs were shaping differ-

entiated KO cell state gene expression programs observed at 

12 hpf (Figures 6H and S6). The strong resemblance between 

KO 5 and WT PGCs was consistent with the development of a 

viable germline derived from MZnps PGCs when transplanted 

into PGC-depleted WT embryos (Miao et al., 2022), suggesting 

that PGC specification occurs independently of NPS. Thus, we 

focused on KO 4 due to their high resemblance to motoneurons 

and interneurons (Figures 4E and 5A), with the goal of under-

standing how gene regulatory patterns could dictate differentia-

tion in these KO cells in the absence of reprogramming. EM6 

(NPS-dependent ZGA; yellow) and EM9 (strong NPS-dependent 

repression; green) drove the KO 4 markers with the most dispa-

rate embryonic patterns (Figure 6H). By 12 hpf, a group of genes 

were still differentially expressed between KO4 and WT cells, ac-

counting for the differences between the mutant and WT cells 

(Figure 5C). Upregulated genes in KO 4 were enriched in EM9, 

while downregulated genes were enriched in EM6 (Figure 6G), 

suggesting that defects in developmental reprogramming 

persist into later stages. However, a group of genes from EMs 

6 and 9 showed similar levels of detection between KO 4 and 

WT motoneurons at 12 hpf (Figure 5C). For example, genes 

from EM6 that are co-bound by NPS during ZGA (elavl3, cxcr4b, 

her13, and insm1b) were not expressed in MZnps embryos at 6 

hpf (Figure 6H), but they were still induced in KO 4 cells by 12 hpf 

(Figure 5C), indicating that early failure in activation can be 

compensated by nonautonomous signals in the embryo that 

are independent of NPS reprogramming. On the other hand, 

genes from EM9 (neurod4, scrt2, neurod1, and isl1) were highly

expressed in MZnps embryos compared to WT embryos 

(Figure 6H), and their expression was maintained specifically in 

KO 4 cells relative to other KO cells (Figure 5A). These results 

are consistent with a developmental reprogramming role of 

NPS that activates early developmental programs and also pre-

vents premature activation of later programs regulated by other 

TFs (Figure 6H). Interestingly, we identified additional genes 

(elavl3, her13, insm1b, and cxcr4b) that failed to activate in early 

MZnps embryos but were later rescued in KO cells and became 

activated through NPS-independent mechanisms (Figures 5C 

and 6H). Altogether, these results suggest that the pioneer fac-

tors NPS establish a transient totipotent state by regulating nu-

clear and cytoplasmic reprogramming and preventing premature 

activation of differentiation programs. In some differentiation 

pathways, their absence can be partially compensated by 

nonautonomous signals from the WT environment.

DISCUSSION

Here, we investigated whether developmental reprogramming 

by the maternal pioneer factors NPS is required for cell differen-

tiation. Our results reveal three major findings. First, MZnps cells 

fail to fully undergo nuclear and cytoplasmic reprogramming. 

Second, despite these defects, some cells adopt transcriptional 

profiles resembling WT germ cells or neural progenitors, while 

others enter a dead-end or a mixed state, suggesting limited dif-

ferentiation potential. Third, we observe premature activation of 

later developmental gene programs, indicating that reprogram-

ming also serves to constrain the timing of transcriptional activa-

tion. Together, these results reveal that NPS are required to 

mediate nuclear and cytoplasmic reprogramming of the tran-

scriptome and to establish the temporal coordination of gene 

expression for proper cell differentiation after MZT.

NPS-mediated reprogramming and developmental 

specification

Cell differentiation is driven by lineage-specific TFs that activate 

gene expression programs, which are further refined post 

transcriptionally by microRNAs and RNA-binding proteins.

Figure 4. MZnps achieve expression states resembling germ cells, neural progenitors, and neurons

(A) 2D PHATE embedding of total dataset, colored by WT cell-type annotations (see methods; MZnps cells colored gray). Inset, magnified view of MZnps cells 

colored by KO subpopulations (WT cells colored gray).

(B) Proportional representation of WT donor cell types compared to host cell types. Host indicated by 95% confidence intervals (CIS) of mean cell-type pro-

portions. Percentage of WT donor cells for each cell type indicated by colored dots. Blue, below 95% CI of host; red, above 95% CI; gray, within 95% CI.

(C) 2D PHATE embedding of WT reference dataset (see methods) spanning 4–24 hpf with cells colored according to time point of collection. Insets indicate in 

black the WT reference cells that are nearest neighbors (k = 5) to MZnps cells for each subpopulation.

(D) Violin plots showing the hpf distribution of WT reference cells that are nearest neighbors (k = 5) to MZnps cells for each subpopulation as shown in (C). Cells 

shown in black.

(E) Bubble plot showing significant enrichment (FDR < 0.01) of cell types among WT reference cells that are nearest neighbors (k = 5) to MZnps cells for each 

subpopulation. The size of the bubble reflects the odds ratio (OR), and color reflects the false discovery rate (FDR; -log10). Over-representation determined by 

one-sided Fisher’s Exact test and corrected for multiple hypothesis testing.

(F) Bubble plot showing the mean expression of (color) and fraction (size) of cells expressing the top marker genes (n = 14) identified for each MZnps sub-

population. Expression is summarized for both MZnps KO subpopulations and WT cell types. Rows correspond to cell types, columns correspond to genes, AND 

color is scaled by column. Markers for KO 3 are most strongly expressed in neuroectodermal progenitors (yellow box); for KO 4, in interneurons and motoneurons 

(blue box); and for KO 5, markers in PGCs (red box).

(G) Dot plot showing significant enrichment (FDR < 0.05) of MZnps subpopulation markers among markers of WT cell types (see methods). The size of the dots, 

odds ratio (OR). Color, false discovery rate (FDR; -log10). Over-representation determined by one-sided Fisher’s Exact test and corrected for multiple hypothesis 

testing. See Figure S4.
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According to the developmental reprogramming hypothesis, 

both nuclear and cytoplasmic reprogramming are required dur-

ing MZT to enable proper cell differentiation. 1,10,37 The extensive 

reprogramming that occurs during the MZT is thought to influ-

ence the landscape of future cell-fate potential. We find that 

NPS mutant cells can adopt transcriptional states partially 

resembling WT fates. A subset of MZnps cells display gene 

expression profiles consistent with early developmental arrest, 

reflecting a failure to initiate genome activation or the induction 

of apoptosis. In contrast, a subset of mutant cells acquire gene 

expression patterns that resemble peripheral and central neural 

lineages, supporting the idea that in the absence of reprogram-

ming, cells may default toward neuroectodermal fates. 38 While 

these neural-like cells share a core set of fate-specifying genes 

with their WT counterparts, they also exhibit misexpressed 

genes. Upregulated transcripts are enriched in miR-430 target 

sites, consistent with failed maternal mRNA clearance and cyto-

plasmic reprogramming. Interestingly, several upregulated 

genes—including neurod1, neurod4, and islet1—are normally 

activated at later stages of development but appear to be pre-

maturely transcribed in mutant cells. This is consistent with a 

function of NPS in preventing the activation of later expressed 

genes that are normally driven by other TFs and thus preserving 

temporal fidelity by means of transcriptional competition. 39–42 

Conversely, downregulated genes are enriched in NPS-binding 

sites, indicating that loss of NPS early on has detrimental effects 

on the subsequent activation of these lineage genes. Together, 

these results suggest that in the absence of developmental re-

programming by NPS, cells adopt intermediate states that lack 

proper temporal and identity resolution.

We propose that pioneer factors such as NPS sculpt epige-

netic trajectories that canalize cells toward stable fates. In their 

absence, cells deviate into hybrid transcriptional states, lacking 

proper nuclear and cytoplasmic reprogramming. These find-

ings align with models implicating maternal pioneer factors in 

both the activation of the zygotic genome and the repression 

of the previous developmental program. 7,9,11,43–45 Notably, 

comparison of MZnps cells with canonical signaling mutants, 

such as Nodal receptor-deficient embryos, reveals an impor-

tant distinction: while signaling mutants retain the flexibility to 

adopt alternative WT fates, MZnps cells occupy transcriptional 

territories that are distinct from any WT lineage. 32 We propose 

that the loss of NPS disrupts the activation of key lineage pro-

grams. As a result, failed reprogramming does not simply cause 

arrest but can redirect cells toward aberrant transcriptional 

states.

PGC formation independent of NPS activity

We found that PGC states do not require nanog, pou5f3, and 

sox19b for lineage commitment or developmental reprogram-

ming. Although we attempted germline transplantation 46 from 

MZnps mutants into WT embryos, we were unable to determine 

whether these cells could mature into functional germ cells and 

reconstitute the germ line. This inability may stem from the sub-

stantial reduction in cxcr4a/b expression in MZnps mutant em-

bryos (Miao et al. 2022), which likely disrupts PGC migration. 

Indeed, Nanog knockdown reduces cxcr4 expression and leads 

to PGC migration defects in medaka. 47 Nonetheless, multiple 

lines of evidence indicate that PGC specification is not signifi-

cantly compromised by NPS loss of function. Following early 

developmental rescue, MZnps mutants are fertile, 11,17 suggest-

ing that NPS are dispensable for germline maintenance during 

later stages. In support of this conclusion, Nanog knockdown 

results in an increased number of PGCs in zebrafish, 48 and 

ectopic PGCs can be induced via a cocktail of nine maternal fac-

tors 49 or through germplasm transplantation, as observed in 

Drosophila. 50 Indeed, one of the earlier functions for miR-430 

in somatic cells is to clear and repress maternal PGC-specific 

genes in somatic cells. 45 Although KO 5 cells showed some dif-

ferences from PGCs, their identity is primarily defined by 

maternal inheritance. 49,51 Our findings suggest that reprogram-

ming by NPS is not required to establish the majority of the 

PGC gene expression program or specify germ-cell fate.

Developmental context as a modulator of cell fate 

Despite intrinsic deficits, MZnps cells that survived in the WT 

environment displayed transcriptional plasticity. Multiple genes 

expressed by mutant cells are reminiscent of developmental 

programs corresponding to neural progenitors, interneurons, 

motoneurons, and PGCs, albeit with transcriptional signatures 

distinct from canonical WT fates. For cell types underrepre-

sented in the WT control, their absence in mutants could reflect 

either a true differentiation failure or transplantation bias. In neu-

ral progenitor cells, we observed transcriptional compensation 

by SoxB1 family members, reminiscent of neuroectodermal line-

ages. 23 The expression of SoxB1 family members in these cells 

may represent a developmental buffer that allows cells to access 

ectodermally-derived states. Other neural-like cells showed pre-

mature and incomplete activation of differentiation genes such 

as elavl3 and neurod4. Although genes categorized as depen-

dent upon NPS for activation were not turned on at 6 hpf, they 

were identified as marker genes for KO 4 at 12 hpf, suggesting 

that developmental signals in a WT environment may play a

Figure 5. MZnps expression states combine cell type-specific marker expression with altered expression of NPS and miR-430 targets

(A) Dot plot showing the overlap of expression of subpopulation-specific marker genes between MZnps subpopulations (KO 3, 4, and 5) and their most closely 

related tissue types (neural-early, motoneuron, and PGC, respectively). ‘‘Marker of both,’’ genes grouped according to MZnps subpopulation-specific marker 

genes that are also expressed in the related tissue type. ‘‘Cell-type marker only,’’ genes for the related tissue type not specific for the relevant MZnps sub-

population. Color, mean expression represented; size, fraction of cells expressing each gene.

(B–D). Heatmaps showing common markers (left, from (A)) and differentially expressed genes (right, columns) between MZnps subpopulations KO 3, KO 4, and 

KO 5, and their respective closest WT tissue type (see methods). Each row is a cell. Genes organized as statistically ‘‘up’’- or ‘‘down’’-regulated across cells in the 

MZnps subpopulation relative to the closest tissue type; detected genes in yellow (≥1UMI). Genes are annotated (color bar below) for function at MZT (4 hpf): NPS 

co-bound, strictly maternal, maternal zygotic, strictly zygotic, and miR-430 seed (see methods).

(E) Bubble plot of MZT annotation over-representation among differentially expressed genes in B-D (FDR <0.05). Dot size, false discovery rate (FDR; -log10); 

color, odds ratio (OR; log2). Over-representation determined by one-sided Fisher’s exact test and corrected for multiple hypothesis testing. See Table S4.
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role in the differentiation of these cell states. Thus, the activation 

of genes characteristic of central and peripheral neural fates in 

these cells may originate from a cell’s intrinsic competence to 

receive extracellular signals that induce neuronal expression 

programs during development. However, due to the absence 

of other factors required for further lineage commitment, 

including NPS developmental reprogramming, these cells may 

then be pushed toward a hybrid expression state.

In summary, our findings show that NPS function during early 

development to (1) reprogram the cytoplasm by eliminating 

maternal transcripts, (2) reprogram the nucleus by activating 

the zygotic genome, and (3) inhibit premature transcriptional pro-

grams required later in development. Through this integrated ac-

tivity, NPS ensures the coordination of gene expression pro-

grams across different cell-fate trajectories.

Limitations of the study

While the transplantation analysis allows us to assess different 

cell fates, given the limitation of the transplant, we have not 

been able to explore all potential cell types. Future studies 

will be needed to understand how initial chromatin remodeling 

following genome activation creates a permissive chromatin 

environment for downstream developmental TFs to activate 

specific gene expression programs during embryogenesis. 

Finally, while some MZnps cells (KO 5) resemble PGCs, their 

transcriptional states are not identical. Further studies are 

required to determine whether MZnps mutant PGCs are 

functional.
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19. Thisse, B., Pflumio, S., Fü rthauer, M., Loppin, B., Heyer, V., Degrave, A., 

Woehl, R., Lux, A., Steffan, T., Charbonnier, X.Q., et al. (2001). Expression 

of the zebrafish genome during embryogenesis.

20. Martinez-Morales, J.R., Signore, M., Acampora, D., Simeone, A., and Bo-

volenta, P. (2001). Otx genes are required for tissue specification in the 

developing eye. Dev. Camb. Engl. 128, 2019–2030. https://doi.org/10. 

1242/dev.128.11.2019.

21. Lane, B.M., and Lister, J.A. (2012). Otx but Not Mitf Transcription Factors 

Are Required for Zebrafish Retinal Pigment Epithelium Development. 

PLoS One 7, e49357. https://doi.org/10.1371/journal.pone.0049357.

22. Okuda, Y., Ogura, E., Kondoh, H., and Kamachi, Y. (2010). B1 SOX Coor-

dinate Cell Specification with Patterning and Morphogenesis in the Early 

Zebrafish Embryo. PLoS Genet. 6, e1000936. https://doi.org/10.1371/ 

journal.pgen.1000936.

23. Oosterveen, T., Kurdija, S., Ensterö , M., Uhde, C.W., Bergsland, M., Sand-
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-hCD4-FITC Miltenyi Biotec Cat# 130-114-531; RRID:AB_2726690

Mouse monoclonal anti-GFP Thermo Fisher Scientific Cat# A11120; RRID:AB_221568

Rabbit polyclonal anti-Cleaved Caspase-3 (Asp175) Cell Signaling Technology Cat# 9661S; RRID:AB_2341188

Goat anti-Mouse IgG (H + L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor TM 488

Thermo Fisher Scientific Cat# A32723; RRID:AB_2633275

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor TM 546

Thermo Fisher Scientific Cat# A11010; RRID:AB_2534077

Experimental models: organisms/strains

Zebrafish: MZnps (maternal-zygotic nanog − /− ; 

pou5f3 − /− ;sox19b − /− ) triple mutant

Miao et al. 1 N/A

Zebrafish: wildtype TU-AB and TL strains N/A N/A

Zebrafish: Tg(His-GFP) Pauls et al. 52 kca66

Chemicals, peptides, and recombinant proteins

16% Paraformaldehyde Electron Microscopy Sciences Cat# 50-980-487

DAPI Thermo Fisher Scientific Cat# D1306

Protease from Streptomyces griseus (Pronase) Sigma Aldrich Cat# P5147, CAS: 9036-06-0

Tween 20 Sigma Aldrich Cat# X100; CAS: 9036-19-5

Normal Goat Serum (NGS) Thermo Fisher Scientific Cat# 50062Z

Agarose GPG/LMP TM AmericanBio Cat# AB00981; CAS: 9012-36-6

HEPES Sigma Aldrich Cat# H4034; CAS: 7365-45-9

Bovine Serum Albumin (BSA) Sigma Aldrich Cat# A9647

EDTA Sigma Aldrich Cat# ED3SS; CAS: 85715-60-2

Trypan Blue Thermo Fisher Scientific Cat# 15250061; CAS: 72-57-1

Proteinase K Thermo Fisher Scientific Cat# EO0492

Critical commercial assays

hCD4 MicroBeads Miltenyi Biotec Cat#130-097-048

MiniMACS Separator Miltenyi Biotec Cat#130-090-312

mMESSAGE mMACHINE TM SP6 Transcription Kit Thermo Fisher Scientific Cat#AM1340

In-Fusion® HD Cloning Plus TaKaRa Cat#639650

10 x scRNA 3 ′ kit v3 10x Genomics PN-1000075

Deposited data

Zebrafish genome GRCz11 Ensembl https://www.ensembl.org/Danio_rerio;

RRID:SCR_002344

ATAC-seq datasets from WT and MZnps mutant embryos Gene Expression Omnibus 

Database; Clough et al. 2
GSE215956

Single cell RNA-seq of transplanted WT and MZnps cells This paper PRJNA1126192 and GSE309740

Embryonic zebrafish scRNA-seq timecourses Farrell et al. 32 ; Lange et al. 33 ; 

and Sur et al. 34

GSE106587;

SRA BioProject ID PRJNA940501; 

and GSE223922

Datasets for Omni-ATAC seq, ChIP-seq, 

RNA-seq, CUT&TAG in WT and MZnps embryos

Miao et al. 11 SRA: SRP355652

Omni-ATAC-seq datasets in zebrafish embryos Riesle et al. 17 GSE215956

RNA-seq time series for zebrafish embryos Riesle et al. 17 GSE162415

ChIP-seq for Nanog Xu et al. 35 GSE34683

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Zebrafish husbandry and maintenance

The husbandry of zebrafish was conducted as previously documented. 55,56 The maintenance of fish lines was carried out in accor-

dance with the AAALAC research guidelines following a protocol approved by the Yale University IACUC.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pCS2+dsRed This paper N/A

pCS2+EGFP-CAAX This paper N/A

pCS2+nanog Lee et al. 3 N/A

pCS2+pou5f3 Lee et al. 3 N/A

pCS2-hCD4 This paper N/A

Software and algorithms

IMARIS; v10.0 Bitplane, Oxford 

Instruments, Concord MA

RRID:SCR_007370

CellRanger pipeline; v3.0.2 10x Genomics https://www.10xgenomics.com/

support/software/cell-ranger/latest;

RRID:SCR_023221

Python; (Version 3.11.5) The Python Software 

Foundation

https://www.python.org; RRID:SCR_008394

R; (Version 4.4) The R foundation https://www.r-project.org; RRID:SCR_001905

Souporcell; v2.5 Heaton et al. 4 RRID:SCR_027462

anndata; v0.9.1 Virshup et al. 5 RRID:SCR_018209

scanpy; v1.9.3 Wolf et al. 6 RRID:SCR_018139

scrublet; v0.2.3 Wolock et al. 7 RRID:SCR_018098

Integrative Genomics Viewer; v2.18.4 Robinson et al. 8 http://www.broadinstitute.org/igv/;

RRID:SCR_011793

leidenalg; v0.10.0 Traag et al. 9 N/A

GSEApy; v1.0.6 Fang et al. 10 RRID:SCR_025803

MAGIC; v3.0.0 Van Dijk et al. 11 https://github.com/KrishnaswamyLab/ 

MAGIC; RRID:SCR_022371

graphtools; v1.5.3 N/A https://github.com/KrishnaswamyLab/

graphtools

PHATE; v1.0.11 Moon et al. 12 https://github.com/KrishnaswamyLab/ 

PHATE; RRID:SCR_027119

Ensembl; Danio rerio v95 Cunningham et al. 53 https://ftp.ensembl.org/pub/release-95/ 

gtf/danio_rerio/Danio_rerio.GRCz11.95. 

gtf.gz; RRID:SCR_002344

Gene Ontology (GO); v2018 Harris et al. 13 RRID:SCR_002811

KEGG Kanehisa et al. 14 RRID:SCR_012773

Wiki-pathways Agrawal et al. 15 RRID:SCR_002134

ggplot2; v3.5.1 R package https://cran.r-project.org/web/packages/ 

ggplot2/citation.html; RRID:SCR_014601

Scikit-learn; v1.3.0 Abraham et al. 54 RRID:SCR_002577

seaborn Python tool https://seaborn.pydata.org/; RRID:SCR_018132

GraphPad Prism (Version 10) GraphPad Software RRID:SCR_002798

FIJI/ImageJ Schneider et al. 16 https://imagej.nih.gov/ij/; 

RRID:SCR_002285; RRID:SCR_003070

Other

Coverslips No. 1.5; 24 × 60mm Thermo Fisher Scientific Cat# 22-050-246

Zeiss LSM 980 upright confocal 

microscope with Airyscan 2 detector

Zeiss RRID:SCR_025048

10x Genomics Chromium Chip 10x Genomics 1000074
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The maternal-zygotic (MZ) nanog − /− ;pou5f3 − /− ;sox19b − /− triple homozygous mutants (MZnps) were maintained as described. 11 

Briefly, MZnps or MZnanog − /− ;pou5f3 +/− ;sox19b − /− females were crossed with MZnps males, and the resulting embryos were 

rescued with mRNA injection (25 pg nanog mRNA +30 pg pou5f3 mRNA) at the 1-cell stage. Alternatively, MZnanog +/− ; 

pou5f3 +/− ;sox19b +/− females were crossed with MZnps males, and the resulting embryos were rescued by injecting 30 pg 

pou5f3 mRNA at the 1-cell stage. Progenies from MZnanog − /− ;pou5f3 +/− ;sox19b − /− or MZnanog +/− ;pou5f3 +/− ;sox19b +/− females 

were genotyped as previously described. 11

Embryo injections, transplants, and dissociations

Embryos were dechorionated at the 1-cell stage. 100 pg hCD4 mRNA (described below) and 50 pg dsRed capped mRNA were in-

jected into donor embryos (both WT and MZnps embryos, pooled from 2 to 8 pairs for each replicate) at the 1-cell stage. 75 pg EGFP-

CAAX capped mRNA was injected into host wild-type embryos at the 1-cell stage (pooled from 4 to 8 pairs). At 3–4 hpf, about 50 cells 

were taken from donor embryos and transplanted into host WT embryos (one embryo serves as a donor for about five different hosts). 

Transplantation was carried out as described 57 by three independent operators for each transplantation. For each replicate, we 

transplanted 200–300 embryos and kept them at 28 ◦ C until dissociation. At ∼3-6ss stage (corresponding to ∼11–12 hpf), about 

60 successfully transplanted and healthy-looking hosts for each replicate (across ∼250 hosts) were selected for further procedures. 

Embryos were rapidly deyolked manually with forceps in fresh, ice-cold Ringer’s solution (per 50 mL: 5.8mL 1M NaCl; 73μL 2M KCl; 

250μL 1M HEPES in 43.5 mL RNase-free water). 50 perfectly deyolked embryos were rinsed and gently mechanically dissociated 

using polished glass pipettes in fresh ice-cold Ringer’s solution, centrifuged at 4 ◦ C at 300 rpm for 3 min, supernatant removed, 

and the remaining cells were resuspended in fresh ice-cold PBE solution (1X RNase-free PBS, 0.5% BSA, 2mM EDTA). Cells 

were then incubated with a 1:100 hCD4 Microbeads solution (in PBS) (Miltenyi Biotec), incubated for 10 min on ice, and washed 

2X with ice-cold PBE solution. Cells were resuspended in 1mL PBE and placed through a MACS magnetic column (MiniMACS Sepa-

rator, Miltenyi Biotec). Cells were collected into a clean RNase-free Lo-Bind tube, washed 2X with ice-cold PBE, and immediately 

prepared for loading onto a 10X Genomics chip (v3). The protocol was optimized and enrichment efficiencies calculated using an 

anti-hCD4-FITC antibody (to detect expression in zebrafish embryos), and hCD4 mRNA-injected Tg(H2B-GFP) embryos, mixed 

1:9 with WT embryos, and cells counted using a hemocytometer and Trypan Blue to assess cell viability. From single cell RNA 

sequencing experiments, we noted an over-representation of cell types of ectodermal origin in WT donor cells relative to WT host 

cell populations, although all tissue types were represented, indicating a potential technical bias introduced at the site of transplan-

tation (as shown in Figures 2E and 4A). 58

METHOD DETAILS

hCD4-mediated enrichment of transplanted cells

A truncated human CD4 sequence (corresponding to the sequence identified by hCD4 MicroBeads, Miltenyi Biotec) was cloned into 

a pCS2+ vector containing an SP6 promoter, a stabilizing 3 ′ UTR derived from the zebrafish prrg2 endogenous gene, 59 and an 

SV40 pA.

The truncated hCD4 sequence was 

5’-ATGAACCGGGGAGTCCCTTTTAGGCACTTGCTTCTGGTGCTGCAACTGGCGCTCCTCCCAGCAGCCACTCAGGGAAAGAAAGTGGTGCTGGG 

CAAAAAAGGGGATACAGTGGAACTGACCTGTACAGCTTCCCAGAAGAAGAGCATACAATTCCACTGGAAAAACTCCAACCAGATAAAGATTCTGG 

GAAATCAGGGCTCCTTCTTAACTAAAGGTCCATCCAAGCTGAATGATCGCGCTGACTCAAGAAGAAGCCTTTGGGACCAAGGAAACTTCCCCCTG 

ATCATCAAGAATCTTAAGATAGAAGACTCAGATACTTACATCTGTGAAGTGGAGGACCAGAAGGAGGAGGTGCAATTGCTAGTGTTCGGATTGAC 

TGCCAACTCTGACACCCACCTGCTTCAGGGGCAGAGCCTGACCCTGACCTTGGAGAGCCCCCCTGGTAGTAGCCCCTCAGTGCAATGTAGGAGTC 

CAAGGGGTAAAAACATACAGGGGGGGAAGACCCTCTCCGTGTCTCAGCTGGAGCTCCAGGATAGTGGCACCTGGACATGCACTGTCTTGCAGAAC 

CAGAAGAAGGTGGAGTTCAAAATAGACATCGTGGTGCTAGCTTTCCAGAAGGCCTCCAGCATAGTCTATAAGAAAGAGGGGGAACAGGTGGAGTT 

CTCCTTCCCACTCGCCTTTACAGTTGAAAAGCTGACGGGCAGTGGCGAGCTGTGGTGGCAGGCGGAGAGGGCTTCCTCCTCCAAGTCTTGGATCA 

CCTTTGACCTGAAGAACAAGGAAGTGTCTGTAAAACGGGTTACCCAGGACCCTAAGCTCCAGATGGGCAAGAAGCTCCCGCTCCACCTCACCCTG 

CCCCAGGCCTTGCCTCAGTATGCTGGCTCTGGAAACCTCACCCTGGCCCTTGAAGCGAAAACAGGAAAGTTGCATCAGGAAGTGAACCTGGTGGT 

GATGAGAGCCACTCAGCTCCAGAAAAATTTGACCTGTGAGGTGTGGGGACCCACCTCCCCTAAGCTGATGCTGAGCTTGAAACTGGAGAACAAGG 

AGGCAAAGGTCTCGAAGCGGGAGAAGGCGGTGTGGGTGCTGAACCCTGAGGCGGGGATGTGGCAGTGTCTGCTGAGTGACTCGGGACAGGTCCTG 

CTGGAATCCAACATCAAGGTTCTGCCCACATGGTCGACCCCGGTGCAGCCAATGGCCCTGATTGTGCTGGGGGGCGTCGCCGGCCTCCTGCTTTT 

CATTGGGCTAGGCATCTTCTTCTGTGTCAGGTGCCGGCAC – 3’

Embryo staining and image acquisition

Embryos were collected at ∼12 hpf, fixed overnight in cold 4% paraformaldehyde (PFA) in 1x PBS overnight, washed with 1X PBS-Tw 

(0.1% Tween 20) three times, permeabilized with 10μg/ml Proteinase K for 1 min, washed with PBS-Tw three times, re-fixed with 4% 

PFA/PBS-Tw, and washed again with PBS-Tw three times. Embryos were blocked with 10% normal goat serum (Thermo Fisher Sci-

entific, 50062Z) for one hour rotating at room temperature, stained with primary antibodies against GFP Tag Monoclonal Antibody 

(3E6) (1:500, mouse, Thermo Fisher Scientific, A11120) and cleaved Caspase-3 (rabbit, 1:500, CST.
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9661S) rotating overnight at 4 ◦ C, washed with PBS-Tw three times at room temperature, then stained with Alexa Fluor 488 anti-

mouse, Alexa Fluor 546 anti-rabbit, and DAPI for one hour rotating at room temperature. Embryos were washed with PBS-Tw three 

times. Embryos were mounted in 0.8% low melt agarose (GPG/LMP AmericanBio, AB00981-00050) in water against a no. 1.5 cover-

slip. Whole embryo images at 12 hpf were acquired using an upright Zeiss LSM 980 confocal microscope with an Airyscan 2 detector 

and an air EC Plan-Neofluar 10x/0.3 M27 objective. In detail, images were obtained at 16 Bit with 2x line averaging, bidirectional 

scanning, LSM scan speed 6 (pixel dwell time 0.51 μs), 1.1x optical zoom, GaAsP-PMT detectors, an image size of 4084 × 4084 

pixels corresponding to 769.13 μm × 769.13 μm and three-dimensional optical stacks were acquired at 2 μm spacing. Samples 

were illuminated with the 405nm laser line (DAPI) at 0.2–1% laser power, 820V (gain) and 0 (offset); 488nm laser line (Alexa Fluor 

488) at 4% laser power, 850V (gain) and 0 (offset); 561nm laser line (Alexa Fluor 546) at 1.1% laser power, 850V (gain) and 0 (offset). 

Raw images were deconvolved using the Airyscan software and images shown in the result section are maximum projected, with 

brightness and contrast adjusted separately between experiments.

Regions of interest were imaged using the above confocal scope with an LD LCI Plan-Apochromat 40x/1.2 Imm Corr DIC M2 

objective with water immersion. Settings that differ from the above whole embryo imaging were as follows: LSM scan speed 7 (pixel 

dwell time 0.35 μs) and three-dimensional optical stacks were acquired at 0.3 μm spacing. Samples were illuminated with the 405nm 

laser line (DAPI) at 0.2% laser power, 820V (gain) and 0 (offset); 488nm laser line (Alexa Fluor 488) at 1% laser power, 850V (gain) and

0 (offset); 561nm laser line (Alexa Fluor 546) at 1.1% laser power, 850V (gain and 0 (offset). Images were acquired at 4084 × 4084 or 

3016 × 2160-3016 pixels corresponding to 176.26 μm × 176.26 μm and 124.29 μm x 89.01–124.29 μm, respectively. The optical 

zoom (1.2 or 1.7) and therefore image sizes were varied to optimally image specific tissue regions optimally. Raw images were de-

convolved using the Airyscan software and then processed with ImageJ software. 60 Images shown in the result section show 

maximum projected sub-stacks with brightness and contrast adjusted separately between images to optimize visualization of 

GFP+ donor cells in their tissue environment.

Imaging quantification for single transplants

3D image analysis was performed in the IMARIS software (Bitplane, Oxford Instruments, Concord MA; Version: 10.0). An analysis 

region was defined for each image to include the embryo tissue and exclude the yolk area so that GFP+ donor cells outside this region 

were excluded from quantification. GFP+ cells were identified using the ‘spot’ function and a constant size of 8 μm spheres, to 

exclude GFP+ cell remnants. Cells were categorized based on their DAPI and cleaved Caspase-3 fluorescence intensity and then 

manually checked.

Data alignment and preprocessing

Single cell data was aligned to the zebrafish genome (GRCz11) with the addition of sequences of GFP, dsRed and hCD4. Unique 

molecular identifiers (UMIs) for each gene (Ensembl Danio rerio transcriptome v95 53 plus GFP, dsRed and hCD4) quantified per 

cell using the CellRanger pipeline (v3.0.2, 10x Genomics). The cells by genes counts matrix was loaded into python (v3.11.5) as 

an anndata object (v0.9.1, 61 ) and preprocessed using scanpy (v1.9.3, 62 ). Cells with a high likelihood of being doublets were identified 

with scrublet (doublet score >0.4, v0.2.3, 63 ) and removed. Cells with <1000 UMIs or >25% mitochondrial content were removed. 

Genes detected (UMI>0) in fewer than 5 cells, as well as GFP, dsRed and hCD4 marker genes, and genes on the mitochondrial 

genome were also removed. The final single-cell dataset contained expression measurements for 19,803 genes in 10,551 cells 

(donor and host), comprised of 1,488 and 1,226 cells from each MZnps transplant replicate, respectively, and 7,837 cells from 

the WT transplanted sample.

Data dimension reduction, graphing and embedding

Count data per cell were normalized by library size (UMIs per 10,000) to account for difference in sequencing depth between cells and 

transformed (square-root) to account for the heteroscedasticity between genes with intrinsically different expression levels. Highly 

variable genes (HVGs) were identified within each sample as the top 10% of genes with the highest mean to variance ratio, and 

the union of HVGs in all samples defined 6,632 HVGs in the dataset. The dimensionality of HVG expression was further reduced 

to the top 100 principal components (PCs) (explaining >99.9% of variance) which were used to calculate a cell x cell distance matrix 

(Euclidean) and generate a k-nearest neighbor-graph (k = 5) with graphtools (v1.5.3, https://github.com/KrishnaswamyLab/ 

graphtools). For visualization, this graph was embedded in 2-dimensions using PHATE (v1.0.11, 64 ) and scatterplots generated using 

sc.pl.embedding. This graph was also used to smooth gene expression values and correct for drop out using MAGIC (v3.0.0, 65 ). 

Smoothed values were not used for differential expression testing.

Donor cell identification

MZnps knockout (KO) donor cells were distinguished from WT host cells based on the patterns of single-nucleotide-variants (SNVs) in 

single-cell reads per cell using software package Souporcell (v2.5). 66 In both mutant-donor samples, this package identified SNVs 

present in genes on chromosome 1 and then clustered cells in each sample into distinct genotypes based on the count of variant 

alleles. In each sample, the cluster pertaining to MZnps donor cells was identified based on enrichment of dsRed and hCD4 marker 

expression. Finally, strain-specific SNVs we validated using genome sequencing data from MZnps and WT embryos where the ge-

notype is known. 11 As the genetic background of the WT donor and WT host cells was identical, WT donor cells were defined based
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on dsRed and hCD4 expression alone. Cells in the WT-donor sample were annotated as donor cells if both dsRed and hCD4 were 

detected (UMI >0), or either dsRed/hCD4 were highly expressed (≥4 UMI). Through this approach, 810 KO donor cells, 3,869 WT 

donor cells and 5,872 WT host cells were identified. SNV alignment tracks were visualized in IGV v2.18.4. 67

Venn diagrams of genes detected in MZnps and/or WT donor cells (UMI >0) were constructed using the venneuler R-package 

(v1.1-4). Genes were annotated as strictly zygotic as per. 36 Violin plots were generated using scanpy.pl.violin.

Characterization of MZnps subpopulations

To identify MZnps subpopulations, the total dataset was subset to the 810 KO-cells before data dimensionality reduction, graph con-

struction and embedding was performed, as above. Leiden clustering 68 (leidenalg v0.10.0) was performed on the cell x cell graph 

(resolution = 0.4) which identified five cell clusters. Markers for each subpopulation were identified as protein-coding genes that 

were differentially expressed (scanpy.tl.rank_genes_groups, method = ‘t test_overestim_var’, FDR <0.05) or differentially detected 

(two-sided Fisher’s exact test, FDR <0.05) in each subpopulation relative to cells not in the subpopulation. Additionally, markers 

were filtered to those detected in fewer than 20% cells not in the subpopulation and fewer than 60% of cells overall (to exclude house-

keeping genes). The top markers were identified based on the combined (sum) ranking of both differential expression and detection. 

Significant over-representation (one-sided Fisher’s exact test, FDR <0.05) of Gene Ontology 69 (v2018), KEGG, 70 and Wiki-path-

ways 71 genesets among marker genes was tested using gseapy (v1.0.6). 72 Heatmaps of marker gene expression were generated 

using scanpy.pl.heatmap(standard_scale = ‘var’).

To score apoptosis gene expression in cells from each MZnps sub-population and WT cell type, we first curated a geneset of 

apoptosis related genes from those annotated in the gene ontology genesets apoptotic process (GO:0006915) or positive regulation 

of apoptotic process (GO:0043065). The expression of these genes was smoothed using MAGIC (v3.0.0, 65 ) and scaled to zero mean 

and unit variance (Z score). Negative z-scores were clipped at zero (to make sure genes with low expression do not have a negative 

contribution) and positive z-scores clipped at three (to ensure the score is not dominated by the high expression of a single gene). The 

apoptosis geneset score was calculated per cell as the mean of clipped z-scores in the geneset divided by the max clipped Z score 

(i.e., three). Violin plots of apoptosis geneset scores were generated using scanpy.pl.violin. Heatmaps of apoptosis geneset expres-

sion were generated using sns.clustermap(standard_scale = 1) from seaborn package (v0.12.2, 73 ).

WT cell-type annotation and donor/host composition

To annotate host and donor WT cells in our dataset (query), we first curated a reference WT dataset spanning 4–24 hpf, combining 

cells from published datasets. 32–34 HVGs were detected as described above and expression scaled within each dataset before data-

sets were concatenated. The combined HVG expression was reduced to the top 100 principal components (PCs) which were used to 

create a joint mutual nearest neighbor (MNN) graph of cells from all three datasets with graphtools (v1.5.3, https://github.com/ 

KrishnaswamyLab/graphtools). Edges between cells from non-adjacent timepoints were masked (set to zero) in the graph kernel un-

less their edge weight was >0.8. The masked graph was embedded in 2 dimensions using PHATE for visualization (v1.0.11, 64 ). Leiden 

clustering (resolution = 2) was performed on the masked graph and identified 37 clusters of cells. We identified marker genes be-

tween these clusters as described above and annotated cell types in the reference based on their expression of lineage defining 

genes and their timepoint of collection (consistent with the known cell-types present at a given developmental stage). This annotated 

reference was then subset to 3.3–12 hpf timepoints and used to annotate WT cells in our dataset.

To transfer the cell type annotation from the reference dataset to the WT cells in our dataset, HVGs in each dataset were identified 

as above, and HVG expression scaled within each dataset before concatenation. The dimensionality of the combined dataset was 

reduced to the top 93 principal components (PCs) (explaining >99.9% of the variance). Based on these PCs, the Euclidean distance 

between cells in the reference and query dataset was calculated and used to train a k-nearest neighbor classifier (sklearn.neighbors. 

KNeighborsClassifier, neighbors = 5, v1.3.0, 54 ) to annotate the cell types of WT cells in the query dataset.

To compare the cell-type composition between WT donor cells and WT host cells from each sample (n = 3), we calculated a 95% 

confidence-interval around the mean proportion of each cell-type in host. We then calculated the proportion of cells from each cell-

type in the WT donor and compare it this reference. Cell-type composition reference and donor proportion was visualized using 

ggplot2 (v3.5.1) in R (v4.4).

Nearest neighbor developmental age and cell-type

To analyze the developmental age and cell-types of the WT cells most similar to MZnps cells, we identified the nearest-neighbors to 

the cells from each sub-population in the 4–24 reference time course. As above, HVGs in each dataset (query and reference) were 

identified and HVG expression scaled within each dataset before the dimensionality of the combined dataset was reduced to the top 

100 PCs (explaining >99.9% of the variance). Based on these PCs, the Euclidean distance between query and reference cells was 

calculated and the 5 nearest neighbors to query cells identified in the WT reference. The distribution of developmental timepoints 

among the reference nearest neighbors was analyzed for each MZnps sub-populations and WT cell-type in the query dataset and 

visualized using scanpy.pl.violin. The cell type enrichment among reference nearest neighbors to each MZnps sub-population rela-

tive to the overall cell-type abundance in the reference dataset was determined (one-sided Fisher’s exact test, FDR <0.05) using the 

gseapy package (gseapy.enrich(), v1.0.6). 72 Enrichment bubble plots were created using scanpy.pl.dotplot. Reference dataset
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PHATE embeddings were visualized using scanpy.pl.embedding(). Correlation between query MZnps sub-populations and WT tis-

sues with reference WT-tissues at 12hpf was calculated based on the mean of PCs in cells from each group.

Marker enrichment in MZnps subpopulations

To determine the enrichment of cell-type specific marker genes among the marker genes of MZnps subpopulations, we first defined a 

database of gene enriched in each WT cell-type in the dataset using the same marker-gene identification strategy described for the 

MZnps subpopulations above, filtering housekeeping genes expressed in more than 50% of cells in the total dataset. The markers of 

each MZnps subpopulation were then tested for significant over representation (one-sided Fisher’s exact test, FDR <0.05) among the 

top 50 markers of each WT cell-type using the gseapy package (gseapy.enrich(), v1.0.6). 72 Enrichment bubble plots were created in R 

(v4.4) using the ggplot2 package (v3.5.1). Dot plots of MZnps marker, WT cell type marker, and morphogen receptor expression in 

MZnps subpopulations and WT cell types were created using scanpy.pl.dotplot.

Differentially expressed genes analyses

To calculate differentially expressed genes (DEGs) between MZnps subpopulations and their most similar WT cell-types (i.e., KO3 vs. 

early-neurons, KO4 vs. motoneurons, KO5 vs. PGCs) the dataset was subset to just cells in either group and genes filtered to those 

expressed in at least one group (UMI >0). We then identified genes that were both differentially expressed (scanpy.tl.rank_ge-

nes_groups, method = ‘t test_overestim_var’, FDR <0.01) and differentially detected (two-sided Fisher’s exact test, FDR <0.01) be-

tween groups, with the exception of the KO 5 vs. PGCs comparison. As this comparison was underpowered (12 vs. 11 cells in each 

group), uncorrected p-values were used. Heatmaps of gene detection were generated using scanpy.pl.heatmap and gene annota-

tions visualized using the python package seaborn (v0.12.2, seaborn.heatmap).

We analyzed differentially expressed genes for the overrepresentation of NPS-bound and miR-430 target genes, as well as mater-

nally-deposited vs. zygotically-expressed genes at genome activation. NPS-binding at enhancer regions (TSS +/− 5Kb) was deter-

mined based on the intersection between the Nanog, Pou5f3 and Sox19b ChIP binding peak-regions in WT embryos as well as ATAC 

accessible regions in WT or mutant embryos at ∼4 hpf, as defined in Miao et al. 11 Genes with miR-430 target sites were annotated 

according to the presence of the seed 6-mer recognition sequence (GCACTT, 9,52 ) in annotated 3 ′ untranslated regions (3 ′ UTRs). 

Strictly maternal, maternal zygotic and strictly zygotic genes were annotated as per. 36 The statistically significant over-representation 

of NPS-binding and miR-430 target sites was tested with gseapy (v1.0.6, one-sided Fisher’s exact test). Bubble plots were created 

using scanpy.pl.dotplot.

EM regulation in WT and MZnps mutant embryos

To analyze the expression of genes associated with MZnps sub-populations at genome activation we used a publicly available 

time-course measuring gene expression in WT and MZnps mutant embryos between 2.5-6hpf (sampled every 30 min, n = 2–6 

per condition per timepoint, 70 samples total) (GEO ascension GSE162415). 74 Expression per sample was library size 

normalized (TMM) and square-root transformed. Genes were subset to those that were highly variable in our single cell dataset 

(the top 10% of genes with the highest mean to variance ratio), either overall or within MZnps cells (8035 genes). The mean 

expression of each gene was calculated across replicates for each condition and timepoint and gene x gene correlation matrix 

calculated. The correlation matrix was used for hierarchical clustering (scipy.cluster.hierarchy.linkage(method = ‘ward’)) and the 

classification of genes into nine gene expression modules (EMs) (scipy.cluster.hierarchy.cut_tree(n_clusters = 9)). The median of 

scaled expression values for genes in each EM was visualized using seaborn.clustermap. EMs were analyzed for the significant 

overrepresentation (1-sided Fisher’s exact test, FDR <0.05) of NPS-bound and miR-430 target genes, as well as maternally-

deposited vs. zygotically-expressed genes at genome activation (as annotated above) using the gseapy package (gseapy.

enrich).

The accessibility of promoters (canonical TSS ±500, as annotated in Miao et al. 11 ) and enhancers (defined as ±200 bp peak

within +/− 5Kb) regions for genes in each EM were analyzed using ATAC data collected from WT and MZnps mutant embryos

at 1k, dome and oblong stages of embryo development publicly available accessed through GEO 74 (GSE215956, prepro-

cessed.bw files). The mean of library depth-normalized and scaled (sklearn.preprocessing.MinMaxScaler) read counts at pro-

moters and enhancers (within ±200bp of summit) were calculated for genes within each EM. Heatmaps of enrichment statistics 

and promoter/enhancer coverage were generated using seaborn.heatmap.

The overrepresentation of MZnps subpopulation and WT cell-type markers among EMs was tested using the gseapy package 

(gseapy.enrich, one-sided Fisher’s exact test, FDR <0.05) and visualized using scanpy.pl.dotplot. Heatmaps of MZnps marker tem-

poral expression in each condition were generated using scanpy.pl.matrixplot.

QUANTIFICATION AND STATISTICAL ANALYSIS

A modified Student’s t-test that overestimates variance was performed to identify differentially expressed markers for each subpop-

ulation and genes that were differentially expressed between MZnps subpopulations and their most similar WT cell-types. One-sided 

Fisher’s exact tests were performed to test for significant over-representation of gene sets and marker genes for MZnps subpopu-

lations; for reference cell type enrichment of nearest neighbors to each MZnps sub-population; for significant over-representation of
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NPS-binding and miR-430 target sites; for significant overrepresentation of NPS-bound, miR-430 target, and maternally-deposited 

vs. zygotically-expressed at ZGA genes among EMs; and for over-representation of MZnps subpopulation and WT cell-type 

markers among EMs. Two-sided Fisher’s exact tests were performed to test for differentially detected markers for each 

subpopulation and genes that were differentially detected between MZnps subpopulations and their most similar WT cell-types. 

The Pearson correlation coefficients were used to compare gene expression in MZnps sub-populations and WT tissues with refer-

ence WT cell types.
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