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1. Abstract 

 

The neural crest (NC) is a multipotent embryonic cell population contributing to 
craniofacial skeleton, peripheral nervous system (PNS), and body pigmentation in 
vertebrate embryos. NC cells delaminate from the dorsal neural tube, and their fate is 
dictated by their anterior-posterior axis location. Neuromesodermal progenitors 
(NMPs) are a distinct posterior embryonic cell population giving rise to paraxial 
mesoderm and central nervous system (CNS) lineages. In vitro studies using 
pluripotent stem cells show that trunk-like NC derivatives require an intermediate 
state expressing both NC and NMP markers. The in vivo link between trunk NC and 
NMPs remains elusive, raising questions about the role of NMPs in specifying trunk 
peripheral neuronal populations, traditionally thought to derive from NC. 

We employed a Cre-Lox based genetic lineage tracing approach to track NMP 
derivatives in the zebrafish embryo and larva at a high resolution through constitutive 
labelling. We performed single-cell and single-nuclear RNA-sequencing to generate a 
comprehensive time-resolved single-cell atlas of NMP derivatives in the zebrafish larva. 

We identify an unprecedented range of NMP derivatives. NMPs differentiate into CNS 
neurons and glia, skeletal and muscle elements, myeloid, vasculature and many others. 
Notably, we discover contributions to the PNS, including sympathetic, enteric, and 
autonomic neurons and a Schwann cell precursor population, previously thought to be 
entirely NC-derived. We identify and characterize specific neuronal populations based 
on their marker gene expression through integrative analysis with publicly available 
scRNA-seq datasets.  

Therefore, in this study, we uncover the broad developmental potential of NMPs and 
establish NMPs as a paradigm for studying complex cell fate decisions, which would 
have implications on advancing regenerative cell therapies.  
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Chapter 1 Introduction 

 

1.1 The Neural Crest (NC)  

The Neural Crest (NC) is a characteristic population of multipotent cells with a diverse 
developmental potential. Unique to the vertebrate lineage, the NC is specified along 
the entire antero-posterior (AP) axis in the developing early neural plate border 
(NPB), located at the interface between the neural and non-neural parts of the 
ectoderm. As the neural plate forms the neural tube, through a process called 
neurulation, these NC cells delaminate via an epithelial-to-mesenchymal transition 
(EMT) from the dorsal aspect of the neural tube and migrate to different parts of the 
embryonic body. After reaching their precise locations, these form various cell types 
including craniofacial skeletal tissue, cardiomyocytes, peripheral and enteric neurons 
and glia, melanocytes, and secretory cells of the adrenal medulla (Douarin and 
Kalcheim, 1999; Simões-Costa and Bronner, 2015). Due to their relatively late origin 
and due to the vast number of cell types they generate, the NC is also sometimes 
referred to as the 4th germ layer (Hall, 2000).  

The NC is a heterogeneous population based on spatial location along the AP axis. 
Broadly, the NC can be distinguished into cranial, vagal, trunk and sacral NC 
subpopulations. The terminal fate of the NC derivatives is influenced by their position 
along the AP axis. These different subpopulations give rise to a large variety of distinct 
derivative cell types, for example, the cranial NC forms large parts of the craniofacial 
skeleton, including chondrocytes, osteocytes and other ectomesenchymal cell types in 
addition to contributing to cranial ganglia. The vagal NC is responsible for the 
formation of almost the entire enteric nervous system (ENS) and has contributions to 
cardiomyocytes of the heart, vasculature, parafollicular cells, etc. The trunk NC 
primarily gives rise to neural cell types like the dorsal root ganglia, sympathetic chain 
ganglia, chromaffin cells of the adrenal medulla, and glial cells. The sacral NC, which 
is believed to be present in amniotes also contributes to the posterior parts of the ENS. 
All the subpopulations also distinctly give rise to pigment cells (Sauka-Spengler and 
Bronner-Fraser, 2008; Betancur et al., 2010). Due to its broad developmental potential, 
the NC has been of interest in stem cell studies as a prospective avenue for developing 
stem cell therapeutics (Achilleos and Trainor, 2012; Olmsted and Paluh, 2021).  
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1.2 Neural Crest-derived neuronal cell types  

The NC gives rise to a broad range of neuronal derivatives throughout the body of the 
organism. While the cranial NC produces ectomesenchymal cell types in addition to 
neurons (Schilling and Kimmel, 1994; Wada et al., 2005; Kague et al., 2012), the 
posterior NC subpopulations, specifically the trunk NC is solely devoted to producing 
neuronal and neurosecretory cell types (Lee et al., 2013a; Lee et al., 2013b), the basis 
of this heterogeneity remaining unknown. Among the posterior NC populations, the 
vagal NC gives rise to the ENS and the trunk NC gives rise to the sympathoadrenal 
system, which are at the focus of this study.  

The ENS is the largest subdivision of the peripheral nervous system (PNS) and is often 
referred to as the second brain (Gershon, 1999). In amniotes, the ENS is composed of 
two different plexuses, the submucosal and the myentric plexus, each forming a 
complex network of diverse neuronal subtypes (Nagy and Goldstein, 2017). In 
zebrafish, however, the ENS is only comprised of the myentric plexus, providing a 
simplistic system to study the principles underlying ENS development. During 
embryonic development, the ENS is derived from the vagal NC which begins migration 
from the caudal hindbrain region and invades the foregut of developing 31 hours post-
fertilization (hpf) embryos and forms a fully functioning mature ENS by 5 days post-
fertilization (dpf) (Shepherd and Eisen, 2011; Ganz, 2018). Some studies have also 
suggested the contribution of NC-derived Schwann Cell Precursors (SCPs) as a 
putative progenitor population that contributes to the ENS (El-Nachef and Bronner, 
2020). Several developmental studies have uncovered the roles of genes, specifically 
transcription factors (phox2bb, phox2a, sox10, hand2, ascl1a/b, zeb2a) and signalling 
molecules (ret, gfra1/2, ednrba/b, notch) that respond to attractive cues like Glial 
Derived Neurotrophic Factor (GDNF) (Homma et al., 2000; Barlow et al., 2003)) that 
play a crucial role in ENS development (Obermayr et al., 2013). 

Another crucial neuronal population derived from trunk NC is the sympathetic chain 
ganglia and the chromaffin cells of the adrenal medulla, which arise from a common 
progenitor cell population called the sympathoadrenal NC cells. These cells are derived 
from the trunk NC and migrate ventrally, condensing at specific sites around the dorsal 
aorta to form the sympathetic chain ganglia in the developing embryo. Another 
subpopulation migrates further around the aorta to form the adrenal medulla. 
Although the sympathoadrenal cells start migrating during early larval development 
in zebrafish, the completely functional sympathetic nervous system is only formed at 
about 4 weeks of age. While migrating, these cells are receptive to Neuregulin-1 (nrg1), 
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through ErbB2 and ErbB3 receptor signalling. This activates a cascade of transcription 
factors which, similar to the ENS, involves phox2a/b, ascl1a/b, hand2, sox10 and 
additionally includes insm1 and gata2/3 (Stewart et al., 2004; Morrison et al., 2016). 
Furthermore, similar to the ENS, the sympathoadrenal system is also contributed to 
by SCPs (Furlan and Adameyko, 2018; Kastriti et al., 2022), which also contribute to 
parasympathetic neurons and other neuronal cell types.  

 

1.3 The Neural Crest Gene Regulatory Network (NC-
GRN)  

Due to its extraordinary heterogeneity and plasticity, decades of research have tried 
to uncover critical factors in the gene regulatory network (GRN) underlying NC 
development. The core GRN is largely conserved among vertebrates and is broadly 
divided into three modules: a signalling module which includes factors (BMPs, FGFs 
and Wnt ligands) involved in signalling and induction of the early NPB; an NPB 
module which involves the transcription factors (pax3, tfap2a, zic3, msxBCE) for 
determining the NPB separately from other ectodermal populations; and finally a NC 
specification module (foxd3, snai1b, sox10, sox9a/b) involving bonafide NC marker 
genes which further determine the NC within the NPB and play a role in regulating 
their EMT and migration. foxd3 is one of the bonafide NC specifiers which plays a 
crucial role in NC development (Simões-Costa and Bronner, 2015; Rocha et al., 2020).  

 

 

Figure 1 – NC development in vertebrates - (A-D) The developmental specification, EMT, and migration of the 
NC proceeding simultaneously with neurulation. (E) Gene regulatory network components required for NC 
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specification, of which foxd3 plays a crucial role. Panels A-E are adapted from (Simões-Costa and Bronner, 2015). 
(F) The diverse derivative cell types derived from different NC subpopulations. The sacral NC is considered to be 
absent in zebrafish. Panel F adapted from (Rocha et al., 2020). 

 

1.4 Role of FoxD3 in NC specification  

The winged-helix, forkhead transcription factor FoxD3 is an important stem cell factor, 
which performs various functions in different contexts during vertebrate development. 
Several in vitro studies have highlighted the role of FoxD3 in transcriptional repression 
in embryonic stem (ES) cells which helps in maintaining their pluripotent cell state 
(Krishnakumar et al., 2016; Respuela et al., 2016). In vivo, FoxD3 being a stem cell 
factor, is one of the earliest genes showing zygotic expression in the zebrafish embryo. 
FoxD3 expression has been observed in multiple phases, the first one being expressed 
during epiboly in the ectoderm and dosrsal mesendoderm, followed by the NPB, tailbud 
mesoderm, and floor plate. The second phase involves FoxD3 expression throughout 
the AP axis in premigratory NC cells which gets restricted to a subset of migrating 
cranial NC but not trunk NC cells. Despite the downregulation of FoxD3 in migratory 
trunk NC, studies have observed its reappearance in certain trunk NC derived tissues, 
like peripheral neurons and glia and other tissues like the somites (Odenthal and 
Nüsslein-Volhard, 1998).  

FoxD3 has also been shown to play a bimodal role during NC development in zebrafish. 
Acting as a pioneer transcription factor in premigratory NC, FoxD3 is involved in 
binding chromatin and establishing chromatin accessibility at several NC-specific loci 
across the genome. This pioneering activity is followed by its previously characterised 
role as a transcriptional repressor, which aids in maintaining pluripotency and 
preventing premature migration and differentiation into neuronal NC derivatives 
(Lukoseviciute et al., 2018).   

A subsequent study found differential regulation of FoxD3 in the context of NC 
development in zebrafish. The authors found that two different autoregulatory 
enhancers are responsible for driving the anterior and posterior domains of FoxD3 
expression in the zebrafish embryo. However, they found that although the anterior 
enhancer marked cranial NC, the posterior enhancer marked bipotent 
neuromesodermal progenitors (NMPs). They found evidence of NMPs forming bonafide 
trunk neural crest derivatives and proposed an alternative non-NPB origin of the 
posterior trunk NC in zebrafish (Lukoseviciute et al., 2021). This model proposes a 
novel mechanism for the dichotomy in the origin of and consequently in the cell types 



15 
 

formed by the cranial and trunk NC, which is distinct from the mechanism proposed 
in the chick embryo (Simões-Costa et al., 2012).  

 

1.5 Neuromesodermal Progenitors (NMPs)  

Neuromesodermal Progenitors (NMPs) are a population of bipotent axial progenitors 
which are located in the early tailbud region of the early embryo. These cells, identified 
as a Sox2+ and Brachyury+ population, contribute to the pre-neural tube and are 
capable of acquiring spinal cord neuron and paraxial mesoderm cell fates (Tzouanacou 
et al., 2009; Sambasivan and Steventon, 2021; Wymeersch et al., 2021).   

Previous studies attempting to model NC development using human embryonic stem 
cells in vitro, predominantly observed formation of cranial NC-like cells but not trunk 
NC-like cells. Successful attempts at in vitro differentiation of trunk NC-like 
cells  achieved it only via a transient NMP-like state. Additionally, studies attempting 
to generate in vitro trunk NC models through using Wnt and FGF ligands, which 
emulate an NPB origin, observe an intermediate cell state expressing both early NC 
and NMP markers (Frith et al., 2018; Gomez et al., 2019; Hackland et al., 2019). NMP-
derived posterior NC populations have also been demonstrated to rescue disease 
phenotype in a mouse model for Hirschsprung disease (Fan et al., 2023). However, in 
vitro differentiation studies have limitations in replicating heterogenous in vivo cell 
fate decisions. Some in vivo studies in avian and mammalian embryos, including 
classical chimeric lineage tracing and fate mapping experiments, have also hinted 
towards an alternative origin of posterior NC regions from heterogenous tailbud 
progenitor populations (Schoenwolf and Nichols, 1984; Catala et al., 1995).  

However, the diversity of derivative cell types generated by NMPs during zebrafish 
embryonic development, and consequently the NC derivatives contributed by NMPs 
along with their underlying gene regulatory mechanism, remains unknown. An ongoing 
study in the lab has used a Cre-Lox based genetic lineage tracing approach to track 
NMP derivatives through zebrafish development by constitutively labelling of NMPs. 
Using this transgenic line, we performed immunofluorescence staining to search for 
NMP-derived NC derivatives and found NMP contributions to the enteric and 
sympathetic nervous system, both canonically thought to derive from the NC (Figure 
2). 
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Figure 2 - NMP contributions to NC derivatives - (A) Transgenic zebrafish enables genetic lineage tracing of 
NMPs through constitutive mCherry labelling (Results). (B) Confocal image of migrating NMPs during zebrafish 
bud stage. (C) Whole mount immunofluorescence co-staining of Phox2b and mCherry in a 13 dpf fish. The 
outline marks the hindgut region and shows NMP contributions to Phox2b+ enteric neurons. (D) Sagittal section 
through a 35 dpf zebrafish larva co-stained for Th and mCherry shows NMP contributions to the sympathetic 
chain ganglia. The arrows point to the sympathetic chain ganglia. (E) Transverse section through a 41 dpf 
zebrafish larva co-stained for Th and mCherry shows NMP contributions to the spinal cord and the sympathetic 
chain ganglia on the lateral sides of the notochord. DHFR – Dihydroxyfolate reductase, sym – sympathetic 
ganglia, sc – spinal cord, no – notochord. Data from Lukoseviciute and Ateş 2025, under review. Credits: Seda 
Ateş-Kalkan, PhD. 
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1.6 Hypothesis and Aims  

We hypothesize that NMPs are forming NC derivative cell types through an alternative 
peripheral neural-NC specific developmental trajectory with a distinct gene regulatory 
signature.  

To address this hypothesis, we aim to achieve the following:  

Aim 1 – Lineage tracing and 10X 3’ single-cell RNA-sequencing of NMPs in the 
zebrafish embryo and larva to comprehensively profile NMP-derived cell fates   

Aim 2 – Integration and annotation of NMP derivatives to uncover their 
transcriptomic identities  

Aim 3 – Analysis of NMP-derived neuronal populations using integrative analysis 
to characterize NMP-derived neuronal cell types  

 

1.7 Summary of Results  

Using an approach combining genetic lineage tracing of NMPs and single-cell RNA-
sequencing of NMP derivatives called Convert-seq, we demonstrate that NMPs give 
rise to diverse cell type derivatives in the zebrafish embryo. In addition to canonically 
known neuronal and mesodermal cell types, they also putatively contribute to the 
enteric and sympathetic nervous system and a Schwann cell precursor population.  
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Chapter 2  Materials and Methods 

 

2.1 Zebrafish lines  

The zebrafish lines used for this work are as follows: Tg(FoxD3_enh4:DHFR-Cre)ox135 
Tg(ubb:loxP-mCherry-loxP-H2B-GFP) were generated previously in the lab 
(Lukoseviciute & Ates et al. 2025, under review, credits: Seda Ateş-Kalkan, PhD) and 
the Tg(ubb:loxP-EGFP-loxP-mCherry)cz1701 by (Mosimann et al., 2011). We also use 
multiome data (Hu et al., 2024) from generated from two genetrap lines 
Gt(ft110:FoxD3-Citrine)ct110a and Gt(ft110:FoxD3-mCherry)ct110aR generated by 
(Hochgreb-Hägele and Bronner, 2013).  

 

2.2 Zebrafish Husbandry  

Animal handling and experiments were conducted in accordance with the protocols 
approved by the Stowers Institute for Medical Research Institutional Animal Care and 
Use Committee (IACUC) review board and in compliance with the guidelines outlined 
in the Guide for the Care and Use of Laboratory Animals (National Research Council 
Committee for the Update of the Guide for the and Use of Laboratory, 2011). Adult 
fish were cared for based on previously established protocols (Westerfield, 2000). 
Briefly, the adult fish were maintained in a 14-hour light and 10-hour dark cycle (with 
lights on from 7 am to 9 pm and lights off from 9 pm to 7 am). They were housed in 
a closed recirculating water system with temperatures in the range of 27-28.5°C, fed 
3-4 times a day and maintained at around 5 fish per 1 L of water.  

Males from Tg(FoxD3_enh4:DHFR-Cre)ox135 line were crossed with females from 
Tg(ubb:loxP-EGFP-loxP-mCherry)cz1701 or Tg(ubb:loxP-mCherry-loxP-H2B-GFP) lines 
– the former for performing single-cell RNA-seq and the latter for single-nuclear RNA-
seq. Individual or multiple pairs of fish were set up in breeding cages the previous 
afternoon divided by a transparent separator, which was pulled the following morning, 
the cages were placed on an incline and the fish were allowed to breed, followed by 
embryo collection. The embryos were raised in 0.5X E2 media (7.5 mM NaCl, 0.25 mM 
KCl, 0.5 mM MgSO4, 75 µM KH2PO4, 25 µM Na2HPO4, 0.5 mM CaCl2, 0.5 mg/L 
NaHCO3, pH = 7.4) at 28.5°C. Beyond 5 dpf, the larvae were fed with standard fry 
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feed (Westerfield, 2000). The staging of embryos was performed visually on Olympus 
dissecting stereomicroscopes and according to previously published methods (Kimmel 
et al., 1995).  

 

2.3 Lineage tracing of NMPs  

Trimethoprim (TMP) was added to 0.5X E2 media at an effective concentration of 
minimum 5 µM to induce embryos at 30% epiboly stage. The TMP treatment was 
stopped at 1 dpf by washing and replacing the TMP-treated media with standard 0.5X 
E2 media to minimize TMP toxicity. The embryos were visually screened for positive 
mCherry fluorescence post-TMP treatment, collected separately and grown to the 
desired larval stage, followed by processing for single-cell RNA-sequencing. The 
embryos were given a media change every alternate day upto 5 dpf, and daily media 
changes along with feed after 5 dpf.  

 

2.4 Embryo dissociation, cell isolation, and 
fluorescence-activated cell sorting (FACS)  

Embryos at the desired stage were collected in 1.5 mL Eppendorf DNA low-binding 
tubes (30-50 embryos per tube depending on the stage), washed with PBS and the 
residual liquid discarded. 500 µL of 80 µg/mL effective concentration of LiberaseTM 
(Roche) in PBS was added to the tubes and incubated for 25 min at 32°C. The 
digestion mix was pipetted intermittently (every 5 minutes) and pulverized with a 
sterile, autoclaved pestle at the 20-minute mark, to aid in mechanical dissociation of 
the embryos. The reaction was quenched by adding 400 µL 1% BSA in PBS and 
filtering through a 70-µm mini strainer (PluriSelect) by spinning at 500X g for 5 min 
at 4°C. Post-filtration, the samples were washed once with 500 µL 1% BSA in PBS, 
spun at 500X g for 5 min at 4°C and finally resuspended in 1 mL 5% BSA in PBS to 
prevent cells from clumping.   

The single-cell suspension was stained with 1-3 µg/mL DAPI for selecting negatively 
against low-quality, dying cells. Unstained cells from wildtype, non-fluorescent 
embryos were used to set up a singlet gate for filtering single cells, followed by DAPI-
stained cells to select for live cells. DAPI-stained GFP-positive but mCherry-negative 
cells were used as a positive control to visualise the difference in fluorescence as 
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compared to wildtype non-fluorescent cells. Finally, DAPI-negative live mCherry-
positive cells were sorted into a DNA low-binding tube, coated with 1% BSA to prevent 
cell loss by sticking on the walls of the tube. FACS was performed on an S6 
FACSymphonyTM machine (BD Biosciences). To assess the cell quality and number, 5 
µL of the cell suspension was added to equal volume of 0.4% Trypan Blue solution and 
mixed well. The mixture was then pipetted onto the haemocytometer chip C-Chip (iN 
CYTO) and the cell numbers were counted under a microscope.   

 

2.5 Nuclei isolation and fluorescence-activated nuclei 
sorting 

Embryos were collected and washed with PBS as mentioned above. After the residual 
liquid was discarded, the embryos were flash frozen in liquid nitrogen and stored at -
80°C for later use. During dissociation, the embryos were kept on ice and 200 µL 0.5X 
lysis buffer (10 mM Tris-HCL (pH 7.4), 10 mM NaCl, 3 mM MgCl2, 1% BSA, 0.05% 
IGEPAL and 0.05% Tween-20) was added into the tube. Using a sterile, autoclave 
pestle, the embryos were pulverized for 2-3 mins on ice and the reaction was quenched 
by adding 500 µL of wash buffer (10 mM Tris-HCL (pH 7.4), 10 mM NaCl, 3 mM 
MgCl2, 1% BSA, 0.1% Tween-20) and mixing the suspension with a wide-bore pipette 
tip. The suspension was filtered through a 40-µm mini strainer (PluriSelect) and 
centrifuged at 500X g for 5 min at 4°C. Post-filtration, the samples were washed once 
with 500 µL of wash buffer and resuspended in 300 µL of 5% BSA to prevent clumping 
followed by another filtration with a 40-µm mini strainer. The single-nuclear 
suspension was stained with 1:1000 dilution of 7-AAD to select for nuclei. As described 
previously, unstained nuclei from wildtype, non-fluorescent embryos were used to set 
up a singlet gate, followed by the use of 7-AAD stained nuclei to select for nuclear 
events. Lastly, 7-AAD-positive mCherry-positive nuclei were sorted into a 1.5 mL DNA 
low-binding tube coated with 5% BSA to prevent nuclei loss by sticking to the walls 
of the tube. Nuclei were sorted using an S6 FACSymphonyTM machine (BD 
Biosciences). The nuclear number, quality and morphology were assessed as described 
above.  

 

2.6 10X Chromium 3’ single-cell RNA-sequencing  
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Single-cell 3’ RNA-seq libraries were prepared and sequenced by following the 
Chromium Next GEM Single Cell 3’ v3.1 User Guide (Dual Index) (10X Genomics, 
CG000315). Briefly, sorted cells were loaded into the Chromium 10X Genomics Chip 
G, followed by loading gel beads from the Next GEM Single Cell 3’ v3.1 Gel Beads 
(Cat. No. PN-2000164). The loaded chip was run on a Chromium iX controller for 
capturing single cells with 10X gel beads (GEM generation) and barcoding followed by 
an RT-PCR. After the RT reaction, the Gel Bead Emulsions (GEMs) were broken and 
first-strand of the cDNA recovered. After synthesizing cDNA, it was enzymatically 
fragmented and size-selected and P5 & P7 Illumina indexes, i5 & i7 sample indexes 
were added to form the final library. Libraries were quantified using Invitrogen QubitTM 
(Cat. No.: Q32854) and Agilent TapeStationTM 4150. 2 nM 10X scRNA-seq libraries 
were sequenced on a NextSeq 2000 platform (Illumina) using NextSeq 2000 P3 v3/P2 
X-LEAP (100 Cycles) (Cat.No. 20040559, 20100987) with 28 x 10 (i7) x 10 (i5) x 90 
cycle number mode per sample. Each sample was sequenced to a sequencing depth of 
300 million reads.  

 

2.7 10X 3’ single-cell/nuclear RNA-sequencing data 
pre-processing  

Raw base call (BCL) files were demultiplexed and converted into a FASTQ format 
using cellranger mkfastq function (v8.0.1) (Zheng et al., 2017). The FASTQ files were 
aligned to a customized transcriptome using the cellranger count function. The 
customized transcriptome was prepared using the cellranger mkref function. The 
customized FASTA and GTF files were prepared by appending the mCherry and H2B-
GFP sequence to the GRCz11 Ensembl 110 reference transcriptome. The filtered 
feature barcode matrix output from cellranger was further used as input for  cellbender 
remove-background function (Fleming et al., 2023). The cellbender output of a hdf5 
file was then read into R version 4.3.1 and analyzed using Seurat (v5) (Hao et al., 
2024). Upon reading in the hdf5 files, Seurat objects were created for each sample and 
filtered based on their gene expression profile. The scRNA-seq data was filtered for 
nFeature_RNA values between the range of 500 to 7500 and the percentage of 
mitochondrial reads to be below 5%. The snRNA-seq was filtered for nFeature_RNA 
values ranging from 100 to 3000 and the percentage of mitochondrial reads to be below 
5%. Following this quality control, doublet cells were removed using the R package 
DoubletFinder (McGinnis et al., 2019) by modelling homotypic doublets and filtering 
singlets.  
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2.8 Single-cell/nuclear RNA-sequencing clustering 
analyses  

After pre-processing of the raw data, we performed clustering analysis and dimensional 
reduction to visualise the data. Raw counts were normalized using SCTransform 
normalization algorithm, which fits a negative binomial distribution to the data, then 
normalizes and scales the data, followed by selecting 2000 of the most highly variable 
genes  (Hafemeister and Satija, 2019). Following this, we centred and scaled the data 
and performed dimensional reduction using principal component analysis (PCA). To 
decide upon the number of principal components (PCs) for further analysis, we used 
the ElbowPlot function. In most cases, due to the lack of a clear change in pattern of 
the data (‘the elbow’), the minimum of first 50 PCs or the number of PCs 
corresponding to a standard deviation of 5% were selected for further analysis. 
Clustering was performed using the FindNeighbors and FindClusters functions with 
default settings, which uses the Louvain clustering algorithm to find transcriptomically 
distinct clusters. All samples were initially clustered at a resolution of 0.5, which was 
then varied based on the number of observable distinct clusters, which was usually 
achieved within the clustering resolution of 0.2 to 0.8. The marker genes of each cluster 
were identified using FindAllMarkers function with only.pos = TRUE argument and 
filtered for an adjusted p-value to be less than 0.05. The dataset was represented on a 
2D plot using Uniform Manifold Approximation and Projection (UMAP) dimensional 
reduction using the RunUMAP function in Seurat.  

 

2.9 Single-cell/nuclear RNA-sequencing data 
integration  

To correct for technical batch effects among the different developmental stages, we 
utilized the Canonical Correlation Analyses (CCA) algorithm available in the Seurat 
package (Stuart et al., 2019). We first pre-processed, clustered and dimensionally 
reduced the datasets using UMAP to visually inspect the structure of the UMAP and 
the differences in cell types between different stages. Upon observing broad 
concordance of the cell type clustering in different stages, we decided to proceed with 
using Seurat-CCA since it was unlikely to exhibit overcorrection errors in this scenario 
(Luecken et al., 2022). We started by merging the datasets using the merge function 
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in base R. Since Seurat v5 stores each dataset in a separate layer inside the Seurat 
object, we use the Join Layers function to merge them into a single layer. Further, we 
split the RNA assay of the datasets based on their developmental stage and performed 
normalization using SCTransform by regressing out mitochondrial reads. After 
normalization and selection of highly variable genes, we performed dimensional 
reduction suign PCA to compute the top 100 PCs and select the top 50 PCs for further 
analysis. After this step, we first ran the FindNeighbors, FindClusters and RunUMAP 
functions on the unintegrated but merged and normalized data to visualize the extent 
of technical batch effects among different datasets. In case the datasets clustered based 
on their sequencing batch and not based on biological differences, we performed CCA 
integration using the IntegrateLayers function. Finally, we reran the FindNeighbor, 
FindClusters, and RunUMAP functions to generate a 2D UMAP plot of the data. 
Clusters were again visualized stage-wise using the group.by and split.by arguments of 
the DimPlot function to observe the overlap between different developmental stages.  

 

2.10 Zebrahub reference dataset pre-processing  

To annotate the cell types in our dataset, we used the Seurat FindTransferAnchors 
and TransferData functions. Prior to that, we prepared an annotated reference dataset 
from Zebrahub, the publicly available whole-embryo single-cell atlas in zebrafish 
(Lange et al., 2023). For preparing the reference, we used the Zebrahub datasets that 
were closest to the developmental stages to be annotated in our dataset. To download 
the FASTQ files from the Sequence Read Archive (SRA) by NCBI, we used the fastq-
dump from the sratoolkit module and input the SRA ids for the datasets on the 
command line which uses the bash programming language. Upon downloading the 
FASTQ files, we ran the cellranger count function on these datasets to generate the 
filtered feature barcode matrix as an output. We then used the hdf5 file of the filtered 
feature barcode matrices of each stage to import it into R using Seurat and created 
Seurat objects for each. The quality control metrics were the same as mentioned above, 
except we filtered for mitochondrial reads to be less than 10%. We then merged these 
datasets together and joined them into a single layer using the JoinLayers function.   

To obtain the cell type annotations of the Zebrahub data and add it to the Seurat 
metadata, we downloaded the processed hdf5 anndata files available online through a 
Google Drive link provided on the Zebrahub website. After downloading the .h5ad 
files, they were read into Python using Scanpy (v1.11.0) read_h5ad function (Wolf et 
al., 2018). The metadata was then exported into a CSV format using the Scanpy 
.to_csv function. The metadata CSV file was read into R, using the read.csv function 
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under the utils (v4.3.1) R package. The metadata of multiple stages was merged into 
a single data frame using the rbind function. The columns with the cell barcodes 
(cell_id) and the cell type annotations (zebrafish_anatomy_ontology_class) were 
subsetted and added to the metadata of the pre-processed reference in Seurat using 
the left_join function in the dplyr (v1.1.4) package to subset the matching cell 
barcodes. The dataset was then normalized using SCTransform without splitting the 
RNA assay into separate layers so that the single SCT assay can then be used by the 
CCA algorithm to find anchors and transfer annotations. Since anchor-based 
annotation transfer projects both the reference and query datasets onto a common 
PCA plot, it uses the single SCT assays from the reference and the query and as a 
result, further downstream processing of the reference including clustering and UMAP 
dimensional reduction is not required.  

 

2.11 Single-cell/nuclear RNA-sequencing annotation 
transfer  

After preparing the query dataset, we merged our stage-wise scRNA-seq and snRNA-
seq datasets and joined them into a single layer as descrubed above. Thereafter, as 
mentioned for the Zebrahub reference, we normalized them using SCTransform and 
regressed out the mitochondrial reads to generate a single SCT assay object that would 
be used by the anchor-based annotation transfer algorithm. After normalization, we 
ran dimensional reduction using PCA and plotted an elbow plot to visualize and 
determine the number of PCs to be used for the annotation transfer. The 
FindTransferAnchors function was run using the first 60 PCs of the data and the 
k.anchor and k.score was increased to 10 and 50 respectively, which output an 
AnchorSet object. The AnchorSet object was then used to run the TransferData 
function using the first 60 PCs, which performs a k-nearest neighbours algorithm on 
each pair of anchors and outputs a Seurat object with the cell type annotation 
predictions based on the neighbourhood of the anchors. The predicted.id column 
containing the cell type annotation predictions and the predicted.id.score column 
containing the confidence of the predicted annotation were added to the metadata of 
the pre-processed Seurat object of the query dataset. For annotation of the clusters, 
the RNA assay of the query Seurat object was split stage-wise and renormalized using 
SCTransform. The clustering was performed at a high resolution of 2 to obtain the 
maximal number of distinct transcriptomic clusters followed by UMAP dimensional 
reduction. Upon clustering, we filtered the predicted.id column for a predicted.id.score 
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of greater than 0.7 and then assigned the most frequently occurring predicted.id to the 
entire cluster in a new column to obtain the cluster annotations.  

 

2.12 Integrative analysis of enteric neurons using 
publicly available scRNA-seq dataset  

The dataset characterizing phox2bb+ enteric neurons published by the Bronner lab (Li 
et al., 2025) was used for the integrative analysis. The FASTQ files were downloaded 
from SRA, processed through Cellranger and pre-processed using the same criteria as 
mentioned above. The pre-processed Bronner datasets were then merged with our 
(TSS) datasets, split stage-wise, normalized using SCTransform and dimensionally 
reduced using PCA as described previously. The Bronner and TSS datasets were 
further integrated using Harmony (Korsunsky et al., 2019). Harmony was first run on 
the PCA reduction of the merged Seurat object using the RunHarmony function and 
provided the variable having the stage information. The RunHarmony function uses 
the PCA embeddings and corrects them to align similar clusters across different stages. 
Further, we ran the IntegrateLayers function in Seurat with the 
integration.method=HarmonyIntegration as an argument, which then uses these 
corrected PCA embeddings to correct the expression values for each stage and outputs 
a new reduction which is stored in the object. The corrected Harmony reduction was 
then used for running the FindNeighbors, FindClusters, and RunUMAP functions. The 
clustering was performed using the Louvain clustering algorithm at a resolution of 2 
as mentioned previously. The marker gene expression was visualized using the 
FeaturePlot, VlnPlot and DotPlot functions in Seurat.  
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Chapter 3 Results  

 

3.1 Convert-seq – Single-cell RNA-sequencing of 
converted NMP derivatives 

The first step to characterizing the GRN underlying NMP differentiation in vivo, is to 
comprehensively profile the NMP derivatives in the zebrafish embryo. To achieve 
global profiling of NMP derivatives in an unbiased manner, we leveraged 10X 
Chromium 3’ single-cell transcriptomic sequencing in an approach called Convert-seq 
(Methods). Briefly, we crossed males from Tg(foxd3_enh4:DHFR-Cre)ox135 line with 
females from Tg(ubb:loxP-EGFP-loxP-mCherry)cz1701 line to derive embryos with a 
foxd3_enh4:DHFR-Cre> ubb:loxP-EGFP-loxP-mCherry genetic background. These 
embryos show constitutive EGFP expression throughout the entire body at all 
developmental stages. The embryos are treated with the antibiotic TMP at 30% 
epiboly, which marks the start of gastrulation and the NMP specification at the early 
embryonic tailbud. The TMP stabilizes the DHFR enzyme in the foxd3_enh4+ NMPs 
where the foxd3_enh4 is driving the expression of the DHFR-Cre construct. The Cre 
recombinase recombines at the loxP sites, activating constitutive expression of 
mCherry in the NMPs. Since the NMPs are constitutively labelled, this genetic lineage 
tracing approach enables us to study NMP derivatives at later stages during zebrafish 
development when the foxd3_enh4+ NMP population has differentiated.  

Further, we let these embryos grow to the desired larval stage followed by their 
dissociation into single cells (Methods) followed by Fluorescence Activated Cell Sorting 
(FACS) of mCherry+ cells. We performed 10X Chromium 3’ single-cell RNA-
sequencing on the mCherry+ cells to infer the transcriptomic identities of the NMP 
derivatives. The sequencing data was run through the cellranger pipeline by 10X 
Genomics to recover the single-cell gene expression matrix and the data was filtered 
for low-quality cells (Figure 3A). To confirm if we isolate bonafide NMP populations 
through our FACS gating strategy, we leveraged previously available global foxd3+ 
10X single-cell multiome (snRNA-seq and scATAC-seq) dataset in the lab (Hu et al., 
2024). We generated scRNA-seq datasets at corresponding stages of the single-cell 
multiome dataset, namely 90% epiboly or bud-stage to 4 somite stage (ss), 8 ss to 12 
ss, 14 ss to 16 ss and 18 ss to 22 ss. We utilized the RNA component of the multiome 
dataset and our Convert-seq data to perform integrative analysis of these cell 
populations using Canonical Correlation Analysis (CCA) algorithm available in the 



27 
 

Seurat package (Stuart et al., 2019). CCA projects the datasets to be integrated onto 
a common PCA plot and performs k-nearest neighbours clustering to identify pairs of 
transcriptomically similar cells called anchors. It then scores and filters these anchor 
pairs and uses them to correct the normalized gene expression values and maps all the 
corrected gene expression values in a dimensionally reduced, batch corrected space.   

Upon integration, we expected transcriptomically similar cells to cluster together onto 
the dimensional reduction plot, which is a UMAP in our case. Since the foxd3_enh4+ 
NMPs express foxd3 at attenuated levels in the posterior region of the embryo, we 
expected our Convert-seq data to be a subset of the foxd3+ multiome dataset. Indeed, 
we noted significant co-clustering of the Convert-seq data with the multiome dataset 
(Figure 3B). Our Convert-seq cells were broadly distributed across multiple clusters of 
the multiome dataset at all early embryonic stages throughout somitogenesis, which 
indicates that the Convert-seq approach is able to capture the mCherry-labelled NMP 
cell population. Upon overlaying the Convert-seq and multiome datasets, we observed 
that our Convert-seq data, represented in grey, primarily clustered at the top of the 
UMAP plot as shown in the grey inset, indicating the posterior domain of foxd3 
expression in the zebrafish embryo. Additionally, using our constitutive labelling 
approach, we were also able to recover novel and possibly transient foxd3+ cell 
populations as shown in the red outline, which were not captured in the multiome 
dataset which uses the endogenously-tagged foxd3 expression to profile these cells 
(Figure 3C).  
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Figure 3 – Convert-seq – Single-cell RNA-sequencing of converted NMPs. (A) Convert-seq workflow schematic. 
Credits: Seda Ateş-Kalkan, PhD. (B) Convert-seq – multiome integrated dataset, split by sample – Convert-seq 
dataset co-clustering with the multiome and broadly distributed across multiple clusters in the multiome. (C) 
Convert-seq – multiome integrated dataset, overlayed – Convert-seq cells (represented in grey) distributed primarily 
in the upper parts of the UMAP (marked by grey boundary) indicating the posterior domain of foxd3 expression in 
the zebrafish embryo. The red outline shows a novel NMP population recovered through Convert-seq.  

 

3.2 Single-cell RNA-sequencing of NMP derivatives 
through multiple zebrafish larval stages 

After validating the Convert-seq approach using the foxd3+ single-cell multiome, we 
decided to perform Convert-seq to profile NMP derivatives at the larval stages of the 
zebrafish. To capture crucial developmental dynamics like the migration and 
differentiation of the ENS and differentiation of other posterior NC-derived 
populations, we decided to perform Convert-seq at a wide range of developmental 
stages which include 2, 4, 6, 8, and 10 days post-fertilization (dpf). Since each of the 
developmental stages were sequenced in different batches, we performed batch effect 
correction on these datasets by integrating them into a single dataset using the CCA 
algorithm as mentioned previously.   

Upon batch effect correction and clustering of the data to identify cell types based on 
transcriptomic similarity, we observed 28 distinct clusters (0 - 27) of NMP derivatives 
which suggest NMPs contribute to a wide range of cell type derivatives in the zebrafish 
larva (Figure 4C). We also observed that the CCA algorithm was able to ameliorate 
the technical batch effects effectively while retaining the biological effects in the 
dataset, as seen by the effective co-clustering of cell populations profiled at different 
developmental stages in the post-integration UMAP (Figure 4A,B). We also observed 
mCherry expression at varying levels throughout all the clusters of our Convert-seq 
dataset. We also noted that mCherry expression is not observed uniformly in all cells 
of the dataset due as a technical artifact of the process of random selection and a 
relatively high dropout rate of the 10X single-cell sequencing technology (Figure 4D).   

To further characterize and annotate our dataset, we looked at the expression of 
important marker genes unique to particular cell types. For example, phox2bb is a 
crucial transcription factor involved in the development of the ENS from the vagal NC 
in vertebrate embryos. As mentioned previously, the zebrafish ENS proliferates and 
differentiates, forming a mature functional system by 5 dpf, corresponding to the 
opening of the mouth and initiation of feeding in zebrafish larvae. As a result, studies 
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have previously observed an increase in the phox2bb+ enteric progenitors and neurons 
colonizing the gut as the larva develops.   

As previous data from our lab suggests NMP contributions to the ENS in zebrafish 
larvae, we checked phox2bb expression across different developmental stages using our 
Convert-seq atlas. However, we observed a consistent decrease in the phox2bb 
expression as the larva develops. Although we had recovered distinct number of cells 
per developmental stage, it was surprising to see the decrease in the maximum 
expression level of phox2bb at higher developmental stages (Figure 4E).  

We hypothesized that this decrease in the level of phox2bb expression is a technical 
artifact of the cell dissociation protocol. We observed that as the larvae develop, it 
becomes tougher to dissociate them effectively due to the formation of a compact 
extracellular matrix. We also observed a concomitant decrease in quality of the isolated 
cells under the microscope as the developmental stage of the larvae increased. As the 
neuronal progenitors differentiate into neuroblasts and further mature, these neurons 
form synaptic connections with other neurons. The loss of these synaptic connections 
in addition to the microfluidic-based FACS and 10X sequencing procedure might lead 
to the apoptosis of these cells leading to their dropout during the sequencing stages or 
the quality control stages.  
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Figure 4 – Larval stage Convert-seq data integration – (A) Merged unintegrated UMAP of larval stages 2dpf – 10 
dpf shows developmental stages clustering on the basis of technical batch effects. (B) UMAP post-integration shows 
effective removal of technical batch effects and co-clustering of developmental stages. (C) UMAP with the 28 
clusters comprising of 25000 cells upon Louvain clustering at a resolution of 0.5, resolving transcriptionally distinct 
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clusters in the dataset. (D) Violin Plots for visualizing mCherry expression across developmental stages in the cells 
captured in Convert-seq show broad expression of mCherry across multiple clusters, supporting the validity of the 
Convert-seq approach. (E) Violin Plots for visualizing phox2bb expression across developmental stages shows a 
consistent decrease in the levels of expression and number of clusters showing expression which is contrary to 
findings in the literature.  

 

3.3 Nuclear labelling improves capture of neuronal 
NMP derivatives 

To solve the aforementioned limitation of our mCherry labelling approach, we devised 
a strategy to label the nuclei of the NMP derivatives instead of labelling cells. Single-
nuclear RNA sequencing has emerged as a method for the efficient transcriptomic 
profiling of cell types that have been previously intractable to scRNA-seq protocols 
due to their multinucleate nature, cell adhesive properties, sensitivity to dissociation 
procedures, among other biological and technical reasons (Bakken et al., 2018; Waag 
and Bohacek, 2023). Typical nuclear isolation protocols rely on dissociation of the 
sample into single-cell suspension followed by cell lysis and isolation of nuclei. However, 
the NMP derivatives represent a small fraction of the larval cell populations (<1%) 
which further decreases as the larva grows. As a result, we decided to generate a 
transgenic zebrafish line which enables genetic lineage tracing by nuclear labelling of 
the NMP derivatives.  

To that effect, we established a transgenic zebrafish line, Tg(ubb:loxP-mCherry-loxP-
H2B-GFP), which is based on the same lineage tracing principle as the Tg(ubb:loxP-
EGFP-loxP-mCherry)cz1701 line but effectively labels NMP nuclei instead of cells when 
crossed with males from the foxd3_enh4:DHFR-Cre genetic background. Confocal 
imaging of the larvae showed clear and distinct nuclear labelling with H2B-GFP 
(Figure 5A). The TMP treatment for the nuclear labelling is performed in an identical 
manner as mentioned previously, followed by dissociation and isolation of nuclei from 
the larvae.   

Using the nuclear labelling transgenic line, we standardized the nuclei isolation protocol 
and performed snRNA-seq on 6 dpf zebrafish larvae. Due to the low RNA content of 
the nuclei compared to cellular RNA content, we observed significant differences in the 
number of Unique Molecular Identifiers (UMIs) recovered from the nuclear RNA-seq 
as compared to the cellular RNA-seq. As a result, when we compared the differences 
in cell type composition between the two datasets, we observed almost exclusive 
clustering of both datasets due to the sheer difference in the depth of their 
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transcriptomic profiling (Figure 5B). To remove these technical differences, we 
repeated the batch correction using CCA as mentioned previously and reclustered the 
dataset. We observed marked improvement in the co-clustering of the cell types. While 
the nuclear data is distributed through most clusters, we also noted that the nuclear 
data is enriched for certain cell types that are missing in our cellular data (Figure 5C).  

To further confirm the identity of the nuclear enriched population, we performed 
annotation transfer using Seurat, which uses an anchor-based strategy to map the 
reference and query datasets onto a common PCA plot and performs k-nearest 
neighbour clustering algorithm to provide prediction scores and identities for the cell 
types in the query dataset (Stuart et al., 2019). We utilized a previously published 
whole embryo scRNA-seq atlas of zebrafish called Zebrahub as the reference dataset 
(Lange et al., 2023). Upon transferring annotations from Zebrahub, we observed that 
the cell populations enriched in the nuclear data are neuronal populations, based on 
their predicted annotations and marker gene expression (Figure 5D). However, we also 
noticed that although we recover a greater proportion of neuronal populations than 
scRNA-seq, the expression of marker genes in the nuclear data is appreciably lower 
than the cellular data due to the difference in UMI numbers recovered from both 
datasets.  
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Figure 5 – Genetic lineage tracing using constitutive nuclear labelling – (A) Confocal imaging of a transgenic 1 dpf 
zebrafish embryo (foxd3-enh4::DHFR-Cre>ubi::loxP-mCherry-loxp-H2B-GFP) expressing H2B-GFP in the NMP 
nuclei in the trunk. The AP axis of the embryo is directed in a right-left manner. The bottom panel represents a 
schematic for the nuclear labelling approach. (B) Merged unintegrated UMAP shows significant technical batch 
effects between scRNA-seq and snRNA-seq in NMP derivatives of 6 dpf zebrafish larvae, due to differences is 
amount of mRNA recovered from nuclei vs. cells. (C) Integration using CCA is able to correct for the technical 
batch effects and shows co-clustering of similar cell types in nuclear and cellular datasets. The red outline shows 
significant enrichment of neuronal populations in the nuclear data as compared to the cellular data. (D) Annotated 
UMAP with annotations transferred from the Zebrahub reference dataset. The bottom part of the UMAP shows 
the neuronal populations contributed by the NMPs. 

 

3.4 A time-resolved comprehensive transcriptomic atlas 
of NMP derivatives in the zebrafish larva 

To supplement the previously sequenced scRNA-seq data, we performed snRNA-seq 
on 6 dpf (as described in the previous section, Figure 5) and 12 dpf larval stages to 
account for neuronal populations that might be missing from our cellular data. The 2 
dpf till 10 dpf scRNA-seq datasets were integrated with the 6 dpf and 12 dpf snRNA-
seq using CCA and represented on a UMAP plot (Figure 6A). We also transferred 
annotations from Zebrahub and obtained predicted cell type annotations along with a 
predicted score. We clustered the dataset at high resolution to recover maximal clusters 
with distinct transcriptomic signature, followed by filtering the predicted annotations 
with a confidence value of 0.7 or above and assigned the most frequently occurring 
annotations to the cluster. Using this approach, we were able to uncover the identities 
of a broad range of NMP derivatives in the zebrafish larva.   

We uncover a significant number of novel NMP derivatives previously unknown in the 
literature. While we obtain previously well characterized mesodermal derivative cell 
types like skeletal muscle cells, myoblast, muscle tissue, and hematopoietic cells among 
others; we also uncover novel contributions like a conspicuous population of glia, 
peripheral and central nervous system and retinal cell types. Among the mesenchymal 
cell types, we also found several clusters like median fin fold, cranial cartilage and head 
mesenchyme, which were believed to completely derive from the cranial NC, further 
bolstering our hypothesis (Figure 6C). Unique cell populations were also verified using 
the expression of top cluster marker genes with the highest fold-change and specificity 
to the particular cluster. For example, the expression of a canonical RNA binding 
protein gene elavl3 & elavl4 in the neural (neuronal and glial) cell types, etc (Figure 
6D). For the purpose of this study, we specifically focused on the neuronal cell types 
that were canonically believed to arise from the posterior NC populations like the vagal 
and trunk NC but based on our immunofluorescence staining data are seen to have 
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some NMP contributions (Figure 2). To investigate this, we decided to perform 
integrative analysis using previously published scRNA-seq datasets of NC-derived PNS 
populations to discover and characterize novel cell types based on shared 
transcriptomic signatures.  

 

 

Figure 6 – Comprehensive single-cell atlas of NMP derivatives in the zebrafish larva – (A) UMAP showing the 
clustered dataset of 41410 cells and nuclei processed after including 6 and 12 dpf scRNA-seq data to the previous 
2dpf – 10dpf scRNA-seq data. 68 clusters were obtained after performing Louvain clustering at a high resolution of 
2. (B) UMAP showing diverse developmental stages from 2 dpf till 12 dpf integrated using CCA for batch effect 
removal. (C) Annotated UMAP with annotations transferred from a reference Zebrahub dataset. NMPs contribute 
to a wide range of diverse developmental derivative cell types in the zebrafish embryos, including mesenchymal and 
neuronal derivatives previously considered to be NC-derived. (D) Feature plot showing expression of a neural 
specific RNA-binding protein elavl3 which is used as a marker for studying neuronal cell types. 
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3.5 Integrative analysis of enteric neuronal cell types 
using previously published datasets 

Based on our immunofluorescence staining data suggesting NMP contributions to the 
posterior part of the enteric nervous system (ENS) (Figure 2) and based on expression 
of phox2bb in our dataset (Figure 4E), we hypothesized that our Convert-seq approach 
has captured the enteric neuronal populations formed by NMPs. As a result, we aimed 
to characterize the enteric neuronal cell types using integrative analysis with previously 
published datasets. There have been only a few studies which attempt to characterize 
the cell type diversity in the gut of the larval zebrafish using single-cell transcriptomic 
methods. One of the major studies, Li et al. 2025, has used a transgenic reporter line 
Tg(Phox2bb:mNeonGreen) to lineage trace phox2bb+ enteric neuronal progenitors, 
neuroblasts and neurons and profiled them using scRNA-seq from 2dpf till 6dpf (Li et 
al., 2025). This developmental window captures the dynamics of the ENS from the 
vagal NC cells entering the gut to the final establishment of the complete neuronal cell 
type diversity.  

Due to the vast technical and biological difference between the Li et al. 2025 data 
(hereafter referred as the Bronner dataset) and our 2 dpf till 12 dpf Convert-seq data 
(referred to as TSS dataset), we performed integration and batch effect correction using 
Harmony (Korsunsky et al., 2019). Several benchmarking studies have demonstrated 
that Harmony shows higher performance at handling non-linear batch effects and on 
complex integration tasks, while the CCA algorithm in Seurat can often lead to 
overcorrection and loss of biological heterogeneity (Tran et al., 2020; Luecken et al., 
2022; Heumos et al., 2023; Song et al., 2023). Similar to our previous approach, upon 
integration we clustered the data at high resolution to uncover maximal cell type 
heterogeneity and obtained 68 clusters (0-67) (Figure 7A).   

While most clusters are composed of cells exclusively from one of the datasets, visually 
we found two major domains of co-clustering (Figure 7B). Based on marker gene 
expression, we could observe that the upper parts of the UMAP plot show co-clustering 
between vagal NC-derived enteric neuron progenitors from the Bronner data with the 
mesenchymal cranial NC-like derivatives from the TSS data, indicating the actively 
proliferating multipotent state of the NC progenitors (Figure 7B,D). On the contrary, 
the lower parts of the UMAP show co-clustering between mature neurons from the 
Bronner data with PNS clusters from the TSS data, suggesting possible convergence 
of neuronal cell fates in the gut of the embryo (Figure 7B,C). However, due to the vast 
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heterogeneity of the dataset, we were unable to resolve specific enteric neuron cell 
types as demonstrated by Li et al. (Li et al., 2025).   

Therefore, to especially focus on the mature neuronal populations in the dataset, we 
subsetted the dataset using expression of neural-specific RNA-binding protein gene 
elavl3 & elavl4, and the expression of a synaptic protein synaptotagmin 25 a/b, snap25a 
& snap25b (Figure 7C). The expression of these markers specifically allowed for the 
selection of neuroblasts and mature neurons and glia, thereby increasing the resolution 
of clustering in the dataset. Upon reclustering, we were able to recapitulate the 
branching developmental trajectory of the enteric neurons as shown by Li et al (Figure 
7E). Unsurprisingly, we observed almost exclusive clustering of Bronner and TSS 
datasets, which is concordant with the distinct biological nature of the two datasets; 
the Bronner data specifically profiles the vagal NC-derived ENS while the TSS dataset 
profiles NMP derivatives. However, we did observe co-clustering in a few clusters of 
the dataset, specifically clusters 46 and 15 (C46 and C15), which represent putative 
enteric neurons formed by the contributions from the vagal NC and NMPs (Figure 
7F).  
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Figure 7 – Integrative analysis using enteric nervous system scRNA-seq dataset – (A) Integrated UMAP showing 
a clustered dataset comprising of 91517 cells and nuclei, of which 50107 cells belong to the Bronner dataset. (B) 
Harmony integrated UMAP which shows the limited co-clustering of Bronner and TSS datasets. The upper parts 
of the UMAP show co-clustering between progenitor populations while the bottom parts show co-clustering between 
mature neuronal populations. (C, D) Feature plots of elavl3, snap25a, pcna, stmn1a. pcna and stmn1a expression 
support their actively cycling progenitor populations, while elavl3 and snap25a expression marks mature neurons. 
(E) UMAP representing clusters after subsetting and reclustering of mature neural cell types in the integrated 
dataset, the subset consisting of 51784 cells and nuclei, among which only 15390 cells and nuclei belong to the TSS 
dataset. (F) UMAP representing batch information of the two datasets, shows that while most of the dataset 
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maintains exclusive clustering, there exist certain domains of co-clustering which indicate presence of 
transcriptionally similar neuronal populations between two datasets. 

 

3.6 Marker gene expression analysis to uncover identity 
of NMP-derived enteric neurons 

To delineate the identity of the enteric neurons putatively formed by the convergence 
of vagal NC and NMP cell fates, we referred to the published studies that have 
characterized the ENS cell type diversity and checked for the expression of candidate 
marker genes. While there is limited literature on the zebrafish ENS, several studies 
characterizing the mouse ENS provide critical insights into the process and 
evolutionarily conserved genes that are required for ENS development.  

First, we could observe expression of paired like homeobox transcription factors, 
phox2bb and phox2a, that are known to play a critical role in vagal NC-derived ENS 
development in C46 and in lesser abundance in C15 (Figure 8B). However, some 
studies have also discovered certain subpopulations of the ENS which do not express 
phox2bb (Kuil et al., 2023). Second, we also found the expression of nerve growth factor 
receptor, ngfra, and the glial-derived neurotrophic factor (GDNF) receptor ret, in C46 
and C15 (Figure 8B), the expression of which makes the enteric neuron progenitors 
receptive to the attractive GDNF signalling ligand causing the cells to migrate into 
the gut (Shepherd et al., 2001). Third, C46 and C15 also express transcription factors 
involved in the specification of enteric neuron subpopulations like pbx3b and onecut1 
(Figure 8B).  

Interestingly, the Li et al. 2025 study describes onecut1 as a crucial player in specifying 
the identity of a unique population of enteric neurons expressing the neurotransmitter 
galanin (gal), which have a distinct transcriptomic identity and localization in the 
zebrafish gut (Li et al., 2025). Consistent with their claims, the Bronner dataset also 
shows two clusters, C43 and C46, as onecut1+ neurons, however, only C43 express gal. 
This suggests the possibility that onecut1 might play a role in specifying different 
neuronal subpopulations, each with a distinct neurotransmitter identity and 
consequently a distinct functional role.  

Studies in zebrafish and mice models have demonstrated the presence of heterogeneity 
of neuronal populations along the length of the gut, largely owing to the differences in 
rhythmicity of peristaltic muscle contractions (Morarach et al., 2021; Li et al., 2025). 
Since our data shows NMP contributions particularly to the posterior parts of the 
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ENS, we expect NMP-derived neurons to have a transcriptomic identity distinct from 
the remainder of enteric neurons. Another study in zebrafish found the presence of 
phox2bb- neurons in the gut which were glutamatergic in nature, suggested by 
expression of vglut2 (Kuil et al., 2023). Since the TSS dataset shows sparse expression 
of phox2bb, we hypothesized that NMPs might contribute to this phox2bb- 
glutamatergic neuronal population.   

Surprisingly, glutamate receptor subunits, gria3, grid1a and grid2, all show substantial 
expression in C46 and C15, providing support for our hypothesis (Figure 8C). While 
there is a lack of literature that has studied the role of glutamatergic neurons in the 
zebrafish gut, the mouse literature provides several crucial insights into the role of 
glutamatergic neurons in the mammalian gut (Kirchgessner, 2001; Filpa et al., 2016; 
Swaminathan et al., 2019). Based on this, we further checked for the expression of 
cholinergic markers, slc18a3a & chata, both of which show expression in C46 and C15 
and are found to colocalize with glutamate markers in the mice gut. We also found 
expression of other excitatory neurotransmitters like Calbindin1 (calb1), which is 
concordant with the findings in mice ENS studies (Figure 8C). 
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Figure 8 – Integrative marker gene expression analysis of NMP-derived enteric neuron subtypes – (A) Integrated 
UMAP of neuronal subset, with the red outline showing the clusters (Clusters 46 and 15) which show significant 
co-clustering between TSS and Bronner datasets. (B) Dot plot showing expression of canonical markers expressed 
by ENS neurons in Bronner (left) and TSS (right) datasets. The red boxes outline the clusters of interest in the 
TSS data. (C) Dot plot showing expression of components of glutamatergic (gria3a, grid1a, grid2), cholinergic 
(slc18a3a, chata) and calbindin (calb1a) expressing neurons which are putative NMP-derived ENS neurons. 

 

3.7 Marker gene expression analysis of other NMP-
derived neuronal populations 

The subset of neural cell types after filtering of expression of elavl3/4 and snap25a/b, 
provided a dramatically increased clustering resolution, forming distinct clusters of 
neuron subtypes and leading to putative identification of NMP-derived enteric neuron 
subpopulations. Following the same strategy, we decided to use the UMAP 
representation of the TSS data within the integrated dataset for diving and gaining 
insight into some other NMP-derived neuronal populations.  

Through our immunostaining data, we observed NMP contributions to the sympathetic 
chain ganglia which is an important component of the PNS (Figure 2). For profiling 
the ENS, Li et al. removed the heads and vagal NC regions of the zebrafish larvae and 
used the trunk region for performing scRNA-seq (Li et al., 2025). Since the sympathetic 
ganglia have been shown to express phox2bb (Lumb and Schwarz, 2015; Morrison et 
al., 2016), we expected the Bronner data to have captured sympathetic ganglia or their 
progenitors. As a result, we focused on the clusters 9 and 27 (C9, C27) which show 
significant co-clustering between Bronner and TSS datasets (Figure 9A). To that effect, 
we checked for expression of sympathetic chain ganglia marker genes. While the TSS 
dataset showed negligible expression of catecholaminergic enzymes like th and dbh that 
are markers of differentiated sympathetic ganglia, we saw notable expression of 
transcription factors required for specification of sympathetic ganglia, like neurod1, 
neurog1, sox9b, sox10, ascl1b, insm1b, etc (Figure 9B).  

While exploring the expression of erbb2 and erbb3a/b, that represent tyrosine receptor 
kinases involved in ErbB signalling, a process crucial for the proper differentiation of 
sympathetic ganglia; we stumbled upon a distinct pair of clusters which were 
exclusively present in the TSS data, clusters 22 and 52 (C22, C52) (Figure 9A). 
Astonishingly, C22 and C52 showed high expression of the ErbB signalling 
components, which act as survival cues for Schwann cell precursors (SCPs) associated 
with axons. Sympathetic chain ganglia typically arise from SCPs, which are late 
multipotent progenitors derived from the trunk NC but retain their multipotency to 
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later contribute to dorsal root ganglia (DRGs), enteric neurons, chromaffin cells of the 
adrenal medulla, melanocytes and sympathetic chain ganglia among other cell types 
(Furlan and Adameyko, 2018; Kastriti et al., 2022). To further confirm their identity, 
we checked the expression of SCP markers known from mice studies. While C22 and 
C52 show a canonical glial gene expression profile of s100b, fabp2/3, gfap, etc., they 
also express SCP-specific glial marker genes which include plp1a/b and mpz. 
Additionally, they also express sox10, a transcription factor that involved in specifying 
SCPs. Finally, they also express vimentin (vim) which is a marker of a mesenchymal 
fate indicating that these SCPs might migrate inside the embryo (Figure 9C).  
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Figure 9 - Integrative marker gene expression analysis of NMP-derived sympathetic neuron and Schwann Cell 
Precursors (SCPs) subtypes – (A) Integrated UMAP of neuronal subset, with the red outline showing the clusters 
(Clusters 9 and 27) which show significant co-clustering between TSS and Bronner datasets. The blue outline shows 
the putative SCP cluster, exclusive to the TSS dataset (Clusters 22 and 52). (B) Dot plot showing expression of 
canonical markers expressed by symapathetic chain ganglia neurons in Bronner (left) and TSS (right) datasets. The 
red boxes outline the clusters of interest in the TSS data. (C) Dot plot showing expression of canonical markers of 
SCPs in Bronner (left) and TSS (right datasets) with the red boxes outlining the clusters of interest (Cluster 22 
and 52). 
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Chapter 4 Discussion  

 

In this study, we have profiled NMP derivatives in the zebrafish larva using a genetic 
lineage tracing system coupled with single-cell transcriptomic sequencing approach 
called Convert-seq. We have performed Convert-seq on zebrafish larvae spanning a 
wide range of developmental stages from 2 dpf till 12 dpf stages which captures crucial 
developmental dynamics like the formation of the enteric nervous system, 
differentiation of the sympathetic nervous system, and other important neuronal 
lineages. We also performed annotation transfer from a whole-embryo single-cell atlas 
called Zebrahub, and discovered the broad developmental potential of NMPs. Finally, 
using integrative analyses using publicly available scRNA-seq datasets, we have been 
able to delineate specific neuronal populations contribute to by NMPs and characterize 
their transcriptomic state using marker gene expression analyses.  

Here, we present a genetic lineage method that is able to capture the derivatives of 
transient cell populations by constitutively labelling them, enabling study of complex 
developmental processes like cell migration, gene regulatory phenomena, and cell fate 
decisions at high resolution (Figure 2A). Additionally, we have also demonstrated that 
combining lineage tracing through cellular and nuclear labelling improves the capture 
of cell types which are sensitive to dissociation procedures and obtain a more unbiased 
and comprehensive view of the descendant cell types (Figure 5). Furthermore, using 
scRNA-seq and snRNA-seq, we discovered that NMPs which were traditionally 
thought to be a bipotent progenitor population, instead is one of the most multipotent 
progenitor populations in the zebrafish embryo, similar to the NC (Figure 6C).   

While there have been multiple studies that have performed lineage tracing on NMPs 
using various methods and in diverse models, these studies have not discovered novel 
NMP derivatives beyond the canonical derivatives like spinal cord neurons, paraxial 
mesoderm and floor plate (Garriock et al., 2015; Koch et al., 2017; Guillot et al., 2021; 
Lange et al., 2023). While we cannot exclude the possibility of evolutionary differences 
in NMP derivatives within vertebrates, we speculate that these studies have been 
unable to capture the diversity in NMP derivatives due to the developmental stages 
profiled combined with the limitations of the lineage tracing method. However, a more 
recent study which uses high-throughput clonal lineage tracing approach has been able 
to capture the NC derivatives from NMPs in a mice model suggesting the possible 
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conservation of NMP multipotency across vertebrates (Erickson et al., 2024). This 
raises the possibility that the true developmental potential of several progenitor 
populations throughout the embryo remain to be uncovered.  

Using integrative analysis of the ENS scRNA-seq data from Li et al. (Li et al., 2025), 
we discovered the NMP contributions to a population of glutamatergic neurons in the 
ENS. There is limited literature with regards to the zebrafish ENS development, with 
only three previous studies trying to characterize the cell type diversity in the ENS 
using single-cell transcriptomic approaches (Howard et al., 2021; Kuil et al., 2023; Li 
et al., 2025). Two studies which have profiled NC-derived ENS progenitors using 
phox2bb and sox10 expression have not described any neuronal populations expressing 
glutamate, which is a key excitatory neurotransmitter in the animal kingdom (Howard 
et al., 2021; Li et al., 2025). One of the studies describes a glutamatergic neuronal 
subpopulation which does not express phox2bb, however, the study does not comment 
upon its embryonic origin (Kuil et al., 2023). However, ENS literature in mice is rich 
with reports of the functional importance of glutamatergic ENS neurons in regulating 
gut motility (Kirchgessner, 2001; Brumovsky et al., 2011; Filpa et al., 2016; Hamnett 
et al., 2024). Glutamatergic neurons in the ENS are often shown to co-express 
acetylcholine and calbindin, which constitute the other two excitatory 
neurotransmitters found in the ENS (Liu et al., 1997; Kirchgessner, 2001; Swaminathan 
et al., 2019), which is in concordance with our data. Moreover, studies have also found 
specific glutamatergic neuronal subpopulations in the hindgut region which plays a 
crucial role in motor control of gut motility (Brumovsky et al., 2011; Swaminathan et 
al., 2019; Hamnett et al., 2024). Based on our immunostaining data, where we observe 
clear NMP contributions to the posterior ENS (Figure 2C) and given that NC-derived 
ENS neurons do not contribute to forming enteric glutamatergic neurons (Howard et 
al., 2021; Li et al., 2025), it is tempting to speculate that these specific enteric 
glutamatergic neurons might be derived from NMPs.  

Additionally, we focus on the expression two specific transcription factors involved in 
putative NMP-derived enteric neurons, pbx3b and onecut1. While pbx3 has been shown 
to play a crucial role in ENS development in both mice and zebrafish (Morarach et al., 
2021; Li et al., 2025), the role of onecut1 transcription factor has been only described 
in zebrafish ENS development (Li et al., 2025). The onecut1+ gut neurons form a 
distinct cluster expressing neurotransmitter galanin (gal) and are spread in clusters 
throughout the gut. However, we did not observe gal expression in NMP-derived 
onecut1+ neurons, suggesting two possibilities: First, either the NMP-derived 
onecut1+ neurons are contributing to some other neuronal population and are absent 
from the gut. Second, NMP-derived onecut1+ neurons are forming a functionally 
distinct subpopulation of neurons which express different neurotransmitter 
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combinations within the ENS. Based on our immunostaining data (Figure 2) and our 
co-clustering analysis (Figure 8), we hypothesize the second possibility to be true. 
However, since Schwann Cell Precursors (SCPs) are also known to contribute to parts 
of the ENS later during embryonic development across vertebrates (Uesaka et al., 2015; 
Espinosa-Medina et al., 2017; El-Nachef and Bronner, 2020) whether the NMP-derived 
posterior gut neurons are contributed through direct differentiation of NMPs or 
through NMP-derived SCPs (Figure 9) still remains to be investigated. The NMP-
derived posterior contribution to the ENS neurons suggest that NMPs are a strong 
candidate for designing stem cell therapies against ENS developmental disorders like 
Hirschsprung disease, characterized by the hypogangliogenesis and impaired motility 
in the posterior gut. A recent study has also been able to successfully rescue defects in 
a severe mice model of Hirschsprung disease, through in vitro hPSC-derived NMPs 
(Fan et al., 2023).   

Another significant finding of our study is the origin of NMP-derived putative Schwann 
Cell Precursors (SCPs). Previous literature considered SCPs, which cover peripheral 
nerves throughout the body, to be a multipotent progenitor population derived from 
the NC (Furlan and Adameyko, 2018; Kameneva et al., 2021). SCPs retain their 
multipotent potential and form cell type derivatives as diverse as the NC, ranging from 
melanocytes, chondrocytes, osteoblasts, odontoblasts, sympathetic and 
parasympathetic ganglia, enteric and autonomic neurons and chromaffin cells 
(Adameyko et al., 2009; Dyachuk et al., 2014; Kaukua et al., 2014; Uesaka et al., 2015; 
Furlan et al., 2017; Xie et al., 2019; Kastriti et al., 2022). SCPs are hypothesized to 
have different subpopulations in the embryo, some of the known ones expressing dhh 
and plp1b (Solovieva and Bronner, 2021). Although we do not have any expression of 
dhh in our NMP-derived putative SCPs, we observe high plp1b expression (Figure 9C) 
in addition to several other canonical markers to detect SCPs like mpz, erbb2, erbb3b, 
sox10, etc. providing further evidence that a subset of SCPs is possibly derived from 
NMPs. This finding has immense implications for regenerative medicine, since SCPs 
are found to respond to injuries in various contexts and mount a regenerative response 
(Adameyko et al., 2009; Johnston et al., 2013; Kaukua et al., 2014; Johnston et al., 
2016; Han et al., 2017; Parfejevs et al., 2018; Stierli et al., 2018; El-Nachef and Bronner, 
2020) and through in vitro studies is shown to be highly plastic (Dupin et al., 2003; 
Real et al., 2005; Kim et al., 2017). Additionally, several cancers which include 
neurofibromas, melanomas, neuroblastomas are of glial origin and often arise from 
Schwann cells (Chen et al., 2014; Li et al., 2016), of which understanding the molecular 
mechanisms is crucial.  

In conclusion, through this study, we provide evidence for the multipotent nature of 
NMPs as an embryonic progenitor population and establish NMPs as a paradigm for 
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studying mechanisms underlying complex cell fate decisions and lineage restriction in 
a multipotent progenitor system. We also discover an unprecedented range of NMP 
derivatives, which highlights the potential application of NMPs for studying disease-
associated mechanisms and advancing regenerative cell therapies.  
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