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Summary 
Dorsal-ventral patterning of neural progenitors in the posterior neural tube, which gives rise to the 
spinal cord, has served as a model system to understand how extracellular signals organize 
developing tissues. While previous work has shown that signaling gradients diversify progenitor 
fates at the dorsal and ventral ends of the tissue, the basis of fate specification in intermediate 
regions has remained unclear. Here we use zebrafish to investigate the neural plate, which 
precedes neural tube formation, and show that its pre-patterning by a distinct signaling 
environment enables intermediate fate specification. Systematic spatial analysis of transcription 
factor (TF) expression and signaling activity using a reference-based mapping approach shows 
that the neural plate is partitioned into a striking complexity of TF co-expression states that, in 
part, correspond to the activity of gastrulation signals such as FGF and Wnt that persist through 
axis extension. Using in toto analysis of cellular movement combined with fate mapping, we find 
that dbx1b-expressing intermediate progenitors (p0) originate from a neural-plate specific state 
characterized by transient co-expression of the TFs pax3a, olig4 and her3. Finally, we show that 
this state is defined by Wnt signaling in the posterior neural plate and that ectopic Wnt activation 
within pax3a/olig4+ cells is sufficient to promote dbx1b expression. Our data broadly support a 
model in which neural progenitor specification occurs through the sequential use of multiple 
signals to progressively diversify the neural tissue as it develops. This has implications for in vitro 
differentiation of spinal cord cell types and for understanding signal-based patterning in other 
developmental contexts.  
 
Introduction 
The development of functional tissues and organs relies on the proper specification and 
organization of diverse cell types. Extracellular signals play critical roles in orchestrating this 
process, providing cells with timely, position-dependent cues to enable contextual cell fate 
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specification. A central goal in developmental biology is to understand how signals are utilized to 
pattern tissues in different contexts.  
 
Work across developmental systems has revealed various signal-based patterning strategies, 
such as the use of long-range morphogen gradients that can provide positional information1,2, 
local signaling interactions that can generate fine-grained patterns3, and reaction-diffusion 
mechanisms that can self-organize complex patterns4. Many of these mechanisms are currently 
best understood in the context of a single signal operating in a relatively static tissue context, 
though there have been efforts to extend them to include the effects of temporal changes in signal 
perception, for example due to tissue growth5–7. 
 
Tissues often undergo changes in morphology and cellular arrangements concomitantly with fate 
specification8,9. This could alter the signaling environment, through changes in the levels as well 
as the types of signals that cells experience. Features of dynamic signaling environments present 
distinct challenges and opportunities for cell fate specification. On the one hand, fluctuating signal 
levels could blur positional information, reducing the precision of patterning, and necessitating 
additional error-correction mechanisms such as cell sorting9–11. On the other hand, time-varying 
features of signals, signaling relays (where cells are exposed to a sequence of different signals), 
and differential signal perception among cells due to cellular rearrangements, could all provide 
additional information that can be utilized for cell fate decision-making12–16. Therefore, dynamic 
tissue contexts might utilize unique patterning mechanisms but these are less well understood.  
 
Vertebrate spinal cord development provides a good system to investigate the role of a dynamic 
signaling environment on patterning. The spinal cord develops from the posterior neural tube, 
which is patterned into 11 distinct neural progenitor domains along the dorsal-ventral (DV) axis.  
The neural tube, in turn, arises from the neural plate, through extensive morphogenetic 
movements that serve to extend the tube in step with elongation of the embryonic axis17. Previous 
work has shown that the signaling molecules Sonic hedgehog (Shh) and Bone Morphogenetic 
Protein (BMP) form signaling gradients from the ventral and dorsal ends of the neural tube, 
respectively, that help specify progenitor fates18–21. However, these signals do not appear to 
provide the information required for the ordered specification of fates in the intermediate positions 
of the DV axis. Intermediate p0 and p1 progenitors do not require Shh signaling for their 
specification in zebrafish22–24, while in mouse Shh signaling plays a permissive role but is not 
strictly required for their specification or arrangement25,26. BMP signaling is also dispensable for 
the specification of intermediate neural progenitors, though it might impact their differentiation18–

20,27. 
 
Prior to joining the neural tube, cells experience a distinct signaling environment in the neural 
plate. Cells in the posterior neural plate are located proximally to sources of signals such as FGF 
and Wnt28–30. As the embryonic axis extends, cells move away from posterior signals and begin 
to experience retinoic acid (RA) and Notch signaling28,31,32. Neural plate signaling has primarily 
been linked to regulating competence for neural specification30,33,34 or neurogenesis31,32,35. 
Nevertheless, some transcription factors linked to neural progenitor fates show differential 
expression in the neural plate9,33,35–38. This suggests that patterning begins in the neural plate, 
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and could be regulated by the signals active in this context. The extent of such neural plate “pre-
patterning” and its impacts on downstream neural progenitor specification in the neural tube is 
unclear. 
 
Here, we undertook a systematic analysis of the zebrafish neural plate, combining measurements 
of signaling activity, expression of transcription factors (TFs), and morphogenetic movements. 
We found extensive spatial patterning by TFs, which partition the tissue into distinct states in 
response to signals present during gastrulation and axis extension. Indeed, signaling 
perturbations combined with analysis of cell movements and fate-mapping showed that Wnt 
signaling in this region helps establish the boundary between future dorsal and ventral neural 
progenitor domains. Importantly, it also defines a transient TF state at this boundary that 
prefigures the p0 progenitor cell fate in the intermediate neural tube. Thus, in addition to signaling 
gradients in the neural tube, dorso-ventral patterning in the spinal cord relies on pre-patterning of 
the neural plate by Wnt signaling. 
 
Results 
Mapping differential transcription factor expression in the neural plate 
To characterize the neural plate systematically, we first developed a reference-based mapping 
approach to enable comparisons between spatial measurements made in stage-matched 
embryos (Methods). The neural plate in zebrafish embryos could be identified as a sox19a-
positive region posterior to the first somite (Figure 1A, B). For reference-mapping, measurements 
were made in double transgenic embryos in which the notochord and cell boundaries are 
fluorescently labeled using a shha:GFP reporter and a ubiquitous membrane-localized 
mNeonGreen protein, respectively (Figure S1A, B). Based on these signals, new coordinates 
were calculated for each cell: its medio-lateral distance from the midline and antero-posterior 
distance from the end of the extending notochord, both calculated along the surface of the 
embryo, and its depth from the surface (Figure 1C). Unlike imaging coordinates, these 
coordinates should be robust to changes in the orientation of the embryo because they are 
contained within the frame of reference of the embryo. We verified that reference-mapped 
expression patterns for a previously identified neural plate gene, olig437 remained relatively 
constant despite changes in the orientation of imaging (Figure S1C, D).  
 
We next sought to characterize regulatory cell states in the neural plate by analyzing the 
expression of heterogeneous transcription factors (TFs). We analyzed single-cell transcriptomic 
data from 10 hpf (hours post fertilization) zebrafish embryos39, identifying TFs in the posterior 
neural tissue that are highly variable between cells, expressed above a threshold value, and non-
redundant (Methods). This analysis returned 28 TFs. We supplemented this list with three marker 
genes for intermediate spinal cord fates (dbx1b, prdm12b, and irx3a), two of which were detected 
in the analysis as being highly variable but did not cross the expression threshold.  
 
We then used dual-color HCR RNA-FISH to measure the expression of each of these genes along 
with sox19a as a neural marker40. We chose to make these measurements in 5-6 ss embryos; at 
this stage, the neural plate is 1-cell thick in most regions (Figure S1B), and could be treated as a 
pseudo-two dimensional tissue, simplifying subsequent analyses. Mapping the location of cells 
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using the photoconvertible fluorescent protein KikGR showed that the neural plate at this stage 
contributes to the majority of the neural tube (somites 9-27) (Figure S1E) presumably due to 
convergence-extension movements during axis elongation. We could detect expression of 22 TFs 
within the neural plate. Other genes were either expressed primarily in non-neural regions (tfap2a, 
nr2f5) or in the tailbud (cdx1a), or were detected at very low levels, consistent with their low 
expression in previous in situ analyses (ZFIN) as well as a recent spatial transcriptomic dataset 
(Methods)41. 
 
Expression of detected neural plate TFs was then reference-mapped, revealing diverse spatial 
expression patterns (Figure 1D, Figure S2A-D). Expression of most TFs was enriched in particular 
sub-regions of the plate, but together their expression covered the entire neural plate, indicating 
that our TF selection procedure captures spatial heterogeneity across the neural plate. Each 
expression pattern was unique, indicating diverse upstream regulation and elaborate positional 
information at the neural plate stage. Importantly, reference maps could be used to reliably 
estimate TF co-expression: comparing the in silico overlays for selected pairs of genes with co-
expression based on dual-color HCR-FISH showed that reference mapping could capture both 
co-expression and exclusion along both the medio-lateral (ML) and antero-posterior (AP) axes 
(Figure 1E, Figure S2E).  
 
These maps revealed that markers for different neural progenitor fates emerge at different A-P 
levels. Future ventral markers such as olig2, nkx6.1/6.2 show posterior expression near the 
medial line, while more intermediate markers such as pax6b, irx3a, prdm12b and dbx1b emerge 
at progressively more anterior levels (Figure S3A). Some broad markers of dorsal fates such as 
pax3a and olig4 are expressed in posterior regions, but others such as ascl1b are not detected 
in the neural plate (Figure S3B). Moreover, her3 is strongly expressed in the plate but not the tube 
(Figure S3C). Thus, the neural plate represents a distinct state of the neural tissue compared to 
the neural tube.  
 
Together, these data show that the neural plate is richly patterned by TFs and that reference-
based maps of these spatial patterns can be used to infer co-expression states of TFs. 
 
The neural plate is organized into multiple TF co-expression states 
Next, we sought to characterize regulatory states in the neural plate by systematically analyzing 
TF co-expression. We first smoothed the reference maps by agglomerating pixels into 
approximately cell-sized ‘superpixels’, which we then subsequently analyzed using principal 
component analysis (PCA) and k-means clustering (Figure 2A, Methods). 
 
Visualizing the weights of superpixels along the first six principal components (capturing ~90% of 
gene expression variance) revealed major modes of neural plate organization: broad divisions 
into 3 or 4 domains along the ML and AP axes (component 1 and components 2 and 3, 
respectively) as well as more refined divisions along both axes (components 4-6) (Figure 2B-C, 
Figure S4A-D). Clustering superpixels based on gene expression (Methods, Figure S4E) and 
visualizing the location of cluster labels in the neural plate similarly revealed a grid-like 
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organization, suggesting that cells throughout the plate possess information about their relative 
AP/ML position (Figure 2D, E).  
 
Notably, even the posterior region of the plate, which does not contribute to the neural tube until 
the end of somitogenesis (Figure S1E), is subdivided into multiple distinct clusters (#13-16) along 
the ML axis. These are characterized both by transient TFs confined to the neural plate, such as 
her3 (Figure S4C), as well as TFs that persist until the neural tube, such as pax3a, olig2 and 
nkx6.2. Moreover, the presence of multiple clusters along the AP axis, between these posterior 
clusters and those in the anterior of the neural plate, suggests that cells transit through 
intermediate states as they progress through the neural plate en route to the neural tube. 
 
To infer possible relationships between the TF states represented by these clusters, we analyzed 
their gene expression similarity (Methods). Clusters were generally more similar to AP neighbors 
compared to ML neighbors, indicating that state transitions likely occur in this direction (Figure 
2F). In particular, clusters near the midline (4, 7, 8, 12, 15, 16 and 3, 6, 11) are closely related 
(top 1/3 of gene expression similarity). Potential transitions from posterior to anterior appear to be 
characterized by early expression of ventral neural progenitor TFs such as olig2, nkx6.1, nkx6.2, 
and prdm8a, followed by expression of irx3a and pax6b (more laterally) and neurog1, her6 and 
her15.1 (more medially). This is consistent with previous suggestions that the neural tissue 
displays increasing specification from posterior to anterior14. 
 
Clusters at the lateral margin (1, 9, 13) are also closely related, marked by the expression of 
pax3a and zic2a posteriorly, and more anterior expression of olig4, neurog1, her6 and pax6b. 
The close similarity within the medial and lateral clusters suggested that, by exclusion, clusters in 
intermediate ML positions (2, 5, 10, 14) could be linked developmentally. However, their gene 
expression similarity is lower on average, indicating that TF expression changes more 
substantially among these states.  
 
We note that the averaging of multiple embryos to generate the reference map and the 
subsequent downsampling for clustering analysis blurs local heterogeneity in gene expression, 
such as in the case of “salt and pepper” expression of neurog1. This analysis therefore likely 
underestimates the extent of spatial patterning in the neural plate. Nevertheless, it captures broad 
differences in TF co-expression in different regions of the neural plate. Together, these results 
showed that the entire neural plate is partitioned into multiple regulatory states marked by distinct 
combinations of TFs, and raises the question of how this pre-pattern affects cell neural tube 
patterning. 
 
Ventral neural progenitor fates emerge from a pre-patterned her3+ region 
We next sought to better understand the relationships between cells in the intermediate neural 
plate, located in clusters that have relatively low similarity to their neighbors. Notably, markers for 
p0 and p1 neural progenitors, dbx1b and prdm12b respectively, first appear in the anterior of this 
region (cluster 2 in Figure 2D, E).  
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We monitored the neural plate between 2ss to 6ss using timelapse imaging of a nuclear-localized 
H2B-mScarlet fluorescent protein controlled by the sox19a promoter (Figure 3A, Methods). These 
embryos also expressed the notochord reporter (shha:GFP). Following automated tracking 
analysis, cell nuclei could therefore be reference-mapped at each time point to generate a map 
of relative cell motion in the neural plate (Figure 3A-C, Figure S5A). This analysis confirmed that, 
as the axis elongates, cells move anteriorly relative to the extending notochord end, while 
converging towards the midline.  
 
To link these movements to TF expression states in the intermediate neural plate, we next 
analyzed them in relation to the expression domain of her3, which covers a large portion of this 
region and largely defines it (for e.g., it contributes most to principal component 2 in Figure 2B-
C). Comparing the change in her3 expression between 4ss and 6ss to directions of cell motion 
between these developmental time points suggested that the movement of cells shifts the lateral-
posterior boundary of her3 toward the middle (Figure 3D). However, the medial-anterior boundary 
does not shift substantially despite the flow of cells towards it, indicating that it marks a transition 
in cell state from her3+ to her3-. What do these cells become when they lose her3 expression? 
Examination of the reference-maps of genes that display a sharp change across this boundary 
suggested that anteriorly, her3 cells produce dbx1b+ and prdm12b+ cells, while more posteriorly, 
they produce olig2+ and nkx6.1+ cells (Figure 3E-F, Figure S5B). Indeed, dual-color HCR-FISH 
showed cells at the boundary that co-express her3 and each of these potential derivative genes, 
likely corresponding to cells in transition (Figure 3G-H, Figure S5C-E).  
 
To directly track the fate of her3 cells, we also analyzed a long-lived mScarlet-NLS fluorescent 
reporter regulated by a 4.7kb her3 promoter32 (Methods). This reporter accurately reflects the 
lateral boundary of her3 expression in the neural plate (Figure S5F), which corresponds to the 
future dorsal extent (in the neural tube) of cells derived from this region. We found that in the 
neural tube, cells at the dorsal extent of the her3 reporter co-expressed a dbx1b:GFP reporter42, 
(Figure 3I). This confirms the origin of dbx1b+ p0 progenitors from the her3+ region in the neural 
plate and further indicates that these cells emerge from the lateral edge of her3.  

 
Thus, ventral progenitor fates, from dbx1b+ p0 cells to olig2+ pMN cells, appear to emerge from 
a pre-patterned her3+ region in the neural plate. The lateral boundary of her3 in the neural plate 
thus corresponds to the boundary between future dorsal and ventral neural tube fates. We note 
that, consistent with this, the her3 reporter does not colocalize with pax3a or olig4 in the neural 
tube (Figure S5G, H). Together, these analyses show that the neural plate is subdivided from an 
early stage into prospective dorsal and ventral regions. In particular, dbx1b+ p0-fated cells 
emerge from the lateral boundary of the her3 domain, while more ventral fates (p1-pMN) emerge 
from more medial positions within this region.  
 
dbx1b cells originate from a region of transient co-expression of her3 and pax3a/olig4 
We next asked what, if anything, was distinct about the lateral boundary of her3 that biased cells 
in this region towards the dbx1b+ fate. Examining TF expression clusters indicated that cells in 
this region specifically co-express olig4 (Cluster 10 in Figure 2E), which could be verified using 
dual color HCR-FISH for olig4 and her3 (Figure 4A, B). We note that pax3a and olig4 show 
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correlated expression in this region, suggesting that her3, olig4 and pax3a are co-expressed  
along the lateral boundary of her3 (Figure S6A). 
 
This distinct co-expression state raised the possibility that this olig4/pax3a/her3 subpopulation of 
cells produces dbx1b+ cells. Interestingly, however, we found that olig4 and dbx1b are not co-
expressed (Figure S6B). To ask whether this reflected transient expression of olig4/pax3a within 
dbx1b precursor cells, we sought to analyze the fate of cells in this region. Using a previously 
described GFP reporter for pax3a (tgBAC(pax3a:GFP))43 we indeed observed co-expression 
between GFP expression and dbx1b (Figure 4C).  
 
Together, these data support a model in which dbx1b+ cells derive from a sub-region of the her3 
domain that transiently co-expresses the lateral genes pax3a and olig4. We note that an origin 
for dbx1b from pax3a+ cells is also consistent with previous Pax3 fate-mapping results in 
mouse44,45. 
 
Wnt signaling defines olig4/her3 co-expression and promotes dbx1b specification 
To understand how the olig4/pax3a + her3 co-expression domain in the neural plate is 
determined, we next analyzed signaling in the neural plate. Previous work has suggested that 
ligands for five pathways – FGF, Wnt, Notch, Shh, and BMP - are expressed in the neural plate 
and tailbud region31,33,46,47. We systematically analyzed the activity of these pathways using either 
HCR RNA-FISH for known target genes (Wnt, Notch, Shh) or immunofluorescence to detect 
phosphorylated pathway effectors (FGF, BMP). As with transcription factor analyses (Figure 1), 
these measurements were made along with HCR RNA-FISH for the neural marker sox19a in 
shha:GFP transgenic embryos, enabling reference mapping. 
 
We found that there was no discernible BMP activity (phosphoryated-Smad1/5/8 
immunofluorescence) in the neural plate (Figure S6C), but the other pathways show patterned 
activity in the neural plate (Figure 4D). In particular, in addition to Shh signaling along the midline, 
we observed the Wnt target sp5l (Figure S6D)46 in the medial-posterior regions, the Notch target 
her4.2 in the anterior medial and lateral regions, and a posterior to anterior gradient of the FGF 
target phospho-ERK. Interestingly, the activity region of each signaling pathway was generally 
congruent with particular TF clusters, suggesting that neural plate TF expression is defined by 
these signals (Figure 4E, Figure S6E).  
 
In particular, comparing sp5l with TF clusters indicated that it defines the boundary of cluster 10, 
which marks the her3/olig4 state (Figure 4E). A direct comparison of sp5l and olig4 indicated that 
they have largely complementary expression domains, but that the two genes are co-expressed 
at their boundary, which we confirmed using dual color HCR-FISH (Figure 4F, G). Their 
complementarity suggested that Wnt signaling might restrict the medial extent of olig4.  Consistent 
with this, inhibiting Wnt signaling (Methods) led to medial encroachment of olig4 (Figure 4H-I, 
S6F), shifting the her3/olig4 co-expression region (Figure S6H). We note that expansion of olig4 
occurs in its posterior region, where it normally abuts sp5l, but not in more anterior regions. This 
indicates that other genes likely maintain the olig4 boundary anteriorly. We also note that Wnt 
inhibition did not significantly affect pax3a expression (Figure S6G). Thus, Wnt signaling in the 
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posterior neural plate specifically helps define the boundary of olig4 and its co-expression with 
her3.  
 
Notably, the region of co-expression between sp5l and olig4 also overlaps with the dbx1b 
precursor region (her3+/olig4+) (Figure 4J). Based on this, we hypothesized that Wnt signaling 
within the olig4 region could play a role in dbx1b specification. To test this, we mosaically 
expressed a constitutively-active form of b-catenin (‘CA-bCat-tagBFP2’) in double transgenic 
embryos expressing dbx1b:GFP as well as her3:mScarlet-NLS, which was used to label the 
ventral half of neural tube (Figure 2I). We found that expression of CA-bCat-tagBFP2, but not a 
tagBFP2 control, led to ectopic GFP+ cells dorsal to the mScarlet-NLS domain (Figure 4K-L, 
Figure S6I). This suggests conversion of pax3a and olig4 cells, which normally occupy the dorsal 
neural tube (Figure S4G-H), to dbx1b.  
 
Together, these data suggest a model in which Wnt signaling in the posterior-medial region of the 
neural plate functions to both define the her3/olig4 co-expression region by limiting the olig4 
domain and to induce cells in this region toward becoming dbx1b+ cells. 
 
Discussion 
Understanding how cells in developing tissues become specified in a spatiotemporally controlled 
manner is a fundamental goal in developmental biology. Here, we showed that pre-patterning in 
the neural plate plays a critical role in dorsal-ventral cell fate specification in the neural tube. A 
systematic analysis of transcription factor expression (Figure 1, 2) and signaling activity (Figure 
4) demonstrated that the neural plate shows substantial patterning. Co-expression of patterned 
TFs partitions the tissue into distinct states along the medio-lateral and antero-posterior axes. 
Broadly, these reflect early subdivisions of the tissue into future dorsal, intermediate and ventral 
regions, which are progressively elaborated as cells transition from neural plate to neural tube. 
Importantly, patterns of signaling activity in the neural plate can explain TF states and transitions. 
In particular, p0 neural progenitors, characterized by dbx1b expression, arise from a neural plate-
specific state characterized by transient co-expression of TFs (Figure 3) and Wnt activity (Figure 
4).  
 
Pre-patterning the tissue to specify cell fate in the intermediate neural tube represents a distinct 
patterning strategy compared to the Shh and BMP gradient-based mechanisms that have been 
shown to be important for patterning ventral48,49 and dorsal18,19,50 fates, respectively. Interestingly, 
while activity of Shh is evident in the medial neural plate and corresponds to expression of ventral 
fate markers such as olig2 and nkx6.1/6.2 (Figure 4D, Figure 1D), BMP activity is not discernible 
in most of the neural plate, consistent with recent work in mouse embryos14. Nevertheless, the 
lateral neural plate is patterned by TFs like pax3a, olig4, zic2a/b and neurog1 (Figure 1D, clusters 
1 and 5 in Figure 2D, E). This suggests that neural plate patterning could also impact dorsal fate 
specification in the neural tube, possibly contributing to observations that dorsal cells display 
distinct BMP preferences in this context20,27. In general, it is likely that tissue pre-patterning and 
gradient-based mechanisms work together to generate the fine-grained array of cell fates in the 
neural tube. We find that the pre-pattern is itself organized by neural plate-specific Wnt signaling, 
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arguing for a model in which the final D-V pattern is achieved through successive exposure to 
different signals at different stages, which progressively refine cell states.  
 
Specifically, Wnt activity in the early neural plate helps establish the future dorsal vs. ventral 
boundary (by limiting olig4) and defining prospective dbx1b cells at this boundary (Figure 4G-K). 
This is distinct from the mitogenic role of Wnts emanating from the roof plate which has been 
shown in amniotes51,52. We note that Wnt activity has also been implicated in regulating 
neighboring tissues such as the tailbud and mesoderm. Wnt perturbation thus leads to broad 
effects on anterior-posterior regionalization30, axis elongation46  and mesoderm development 53,54, 
possibly explaining why its role in neural plate patterning has been overlooked.  
 
Here we show how that dbx1b+ cells specifically emerge from a transient her3/olig4/pax3a co-
expressing region that is defined by Wnt signaling. Importantly, expression of dbx1b is not initiated 
until the mRNA levels of all of these factors are diminished (Figure S6B, Figure 3G-H), though 
their protein levels may endure longer. Future work will address the molecular mechanisms by 
which transient expression of these factors and Wnt signaling promotes downstream dbx1b 
expression. Our results are consistent with previous analysis of dbx1b expression in zebrafish 
that show that its expression does not require Shh signaling22,23.  
  
More broadly, we observe differential and non-redundant activity of multiple signaling pathways, 
including FGF and Notch, across the neural plate (Figure 3C). Comparing their spatial activity 
domains to TF expression states suggests that, like Wnt, they also impact neural plate patterning 
(Figure S6E). The diversification and organization of cell fates in the neural tube thus likely reflects 
the coordinated spatiotemporal actions of multiple signals acting during gastrulation and axis 
extension. Our systematic analysis of signaling and TFs complements recent sequencing-based 
efforts to characterize cell fate lineages in an unbiased manner52,55. These represent important 
steps towards an integrated view of this system that will clarify the basis of neural fate 
specification, open up new therapeutic avenues for programming fate, and inform efforts to 
understand the developmental patterning of other tissues.  
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Figure 1. The neural plate shows patterned expression of several transcription factors, which 
can be compared in silico after reference-mapping.  
(A) Schematic showing approximate orientation of 5-6 somite-stage (ss) zebrafish embryo used 
for imaging the neural plate.  
(B) 3D-rendered visualization of 5-6 ss embryo expressing shh:GFP (cyan), with HCR RNA-FISH 
labeling of sox19a (magenta) and ripply1 (yellow) expression, and imaged as in (A). Lateral and 
dorsal views are shown. “A” = Anterior; “P” = Posterior. “D” =  Dorsal; “V” = Ventral.  
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(C)Schematic showing reference-mapping transformation from imaging coordinates to 
reference-based coordinates. “M” = Medial; “L” = Lateral. 
(D) Reference-maps showing mRNA expression (magenta) of the indicated transcription factors, 
measured using HCR RNA-FISH. The black background corresponds to the neural plate, co-labeled 
in each measurement using sox19a. Each map depicts the average of reference-mapped HCR 
RNA-FISH signal across n = 3 embryos, each symmetrized and normalized to the maximal 
detected signal within the image. See also Figure S1C, S2A-D.  
(E) Comparison between in silico overlays of the reference-maps for the indicated genes (left half 
of each split panel) and representative examples of their co-expression within a single embryo 
(right half of each split panel, maximum intensity projection), measured using two-color HCR 
RNA-FISH. Scale bar indicates 50 µm. 
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Figure 2. The neural plate is partitioned into multiple TF co-expression states.  
(A) Schematic of analysis workflow. Each TF reference-map was first downsampled through 
binning of pixels to generate a corresponding map of ‘superpixels’. Superpixels were then 
analyzed by principal component analysis (PCA) and k-means clustering.  
(B) Loading values per TF (columns) for each of the first three principal components (rows). 
Higher absolute values indicate a greater contribution of a TF towards the corresponding 
principal component. See also Figure S4C.  
(C) Map of superpixel weights along the first three principal components. See also Figure S4B.  
(D) Map of cluster labels for superpixels after k-means clustering.  
(E) Mean expression levels of indicated TFs within the individual clusters shown in (D). Only TFs 
with mean expression above a threshold (dashed line) are shown.  
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(F) Similarity between clusters, measured by distance in gene-expression values. ‘High’ similarity 
indicates that the distance between corresponding clusters is in the lowest 33rd percentile of all 
pairwise distances between clusters, ‘Medium’ similarity indicates distance in the 33rd  - 66th 
percentile, and ‘Low’ indicates distance is >66th percentile. Note that links are only shown 
between clusters that share a boundary.  
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Figure 3. dbx1b+ cells emerge from the lateral boundary of her3 expression in the neural plate.  
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(A) (Left) Schematic showing region of sox19a:H2B-mCherry, shh:GFP double-transgenic embryo 
that was imaged to analyze cell movement in the neural plate. (Middle) 3D-rendered visualization 
of imaged area at 4 ss. Asterisk indicates the approximate position of the posterior tip of the 
notochord, annotated manually. “A” = Anterior; “P” = Posterior. (Right) Cell tracks indicating the 
position of cells at different timepoints during timelapse imaging.  
(B) Position over time for selected cells (#1-8) and the notochord end point (asterisk), in image 
coordinates (left) and after reference-mapping relative to the reference point (right). 
(C) Mean reference-mapped displacement vectors (blue arrows) for cells in the neighborhood of 
the indicated positions (orange markers) between 4-5s ss and 6 ss (20 min time period). 
Displacement vectors from corresponding positions on the left and right sides of the embryo have 
been averaged. See Figure S5A for (non-averaged) displacement on left and right sides.  
(D) Overlay of displacement vectors from (C) and reference-mapped expression of her3 at 4-5 ss 
(yellow) and 6 ss (magenta). Yellow and magenta colored dashed lines indicate lateral boundaries 
of her3 expression at 4-5 ss and 6 ss, respectively. White dashed line indicate medial boundary. 
Note that vectors outside her3 expression regions are not shown.   
(E) in silico overlays of reference-maps for the indicated genes; same data as Figure 1C.  
(F) Schematic showing that ventral fates, but not dorsal fates, emerge from the her3 region in 
the neural plate. 
(G) (Left) Representative example of her3 (magenta) and dbx1b (yellow) expression, measured 
using HCR RNA-FISH, in a single embryo that expresses a membrane-localized mNeongreen 
fluorescent protein (not shown). Maximum projection of 3D image is shown. (Right) A single Z-
slice of the 3D image showing membrane fluorescence (cyan). An individual cell co-expressing 
her3 (magenta) and dbx1b (yellow) expression is outlined.  
(H) (Left) in silico overlay of dbx1b (yellow) and her3 (magenta) reference-maps; same data as 
Figure 1C. (Right) Heat map showing average fraction of dbx1b+ cells that co-express her3 within 
n = 3 individual embryos in which both genes are labeled using HCR RNA-FISH.  
(I) Cross-section of 15 ss neural tube in double transgenic embryos expressing her3:mScarlet-NLS 
(red) and TgBAC(dbx1b:GFP) (green). The dashed line indicates the region of the neural tube 
expressing mScarlet-NLS.  
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Figure 4. Neural plate Wnt signaling determines dbx1b precursor region.  
(A) (Left) Representative example of her3 (magenta) and olig4 (yellow) expression, measured 
using HCR RNA-FISH, in a single embryo that expresses a membrane-localized mNeongreen 
fluorescent protein (not shown). Maximum projection of 3D image is shown. (Right) A single Z-
slice of region outlined in black showing membrane fluorescence (cyan) (top panel), overlaid with 
her3 (middle panel) or olig4 (bottom panel). 
(B) (Left) Average reference-mapped expression of olig4 (yellow) and her3 (magenta) (n = 2 
embryos). (Right) Heat map showing average fraction of olig4+ cells that co-express her3 within 
individual embryos in which both genes are labeled using HCR RNA-FISH.  
(C) (Left) Representative example of dbx1b (magenta) and GFP mRNA (yellow) expression, 
measured using HCR RNA-FISH, in a TgBAC(pax3a:GFP) transgenic embryo that also expresses a 
membrane-localized mNeongreen fluorescent protein (not shown). Maximum projection of 3D 
image is shown. (Right) A single Z-slice of the 3D image showing membrane fluorescence (cyan) 
(top panel), overlaid with dbx1b (middle panel) or GFP (bottom panel). Individual cells co-
expressing dbx1b (magenta) and GFP (yellow) expression are outlined.  
(D) Reference-maps of indicated signaling pathway targets. Each map depicts the average of 
reference-mapped signal across n = 3 embryos, each symmetrized and normalized to the maximal 
detected signal within the image. 
(E) (Left) Outlines of TF clusters overlaid on average sp5l reference-map (magenta, same as 4D). 
(Right) Mean reference-mapped sp5l expression within TF clusters (labels as in Figure 2D, E).  
(F) in silico overlay of olig4 (yellow) and sp5l (magenta) reference-maps; same data as Figure 1C, 
4D. 
(G) (Left) Representative example of sp5l (magenta) and olig4 (yellow) expression, measured 
using HCR RNA-FISH, within an individual embryo that also expresses a membrane-localized 
mNeongreen fluorescent protein (not shown). Maximum projection of 3D image is shown. (Right) 
A single Z-slice of the 3D image showing membrane fluorescence (cyan) (top panel), overlaid with 
sp5l (middle panel) or olig4 (bottom panel). Note co-expression of sp5l and olig4 in individual 
cells. 
(H-I) olig4 response to Wnt inhibition. (H) Representative examples of olig4 (yellow) expression, 
measured using HCR RNA-FISH, after treatment with LGK974 (right) or DMSO control (left). 
Embryos express a shh:GFP reporter (cyan). Maximum projection of 3D image is shown. White 
boxes indicate regions used to calculate medio-lateral profile of olig4 in (I). (I) Median medio-
lateral profile of olig4 in embryos treated with LGK974 (red) or DMSO control (black). Shaded 
regions indicates S.E.M. n indicates number of embryos.  
(J) (Left) Representative example of sp5l (magenta), olig4 (yellow) and her3 (cyan) expression, 
measured using HCR RNA-FISH, within an individual embryo. Maximum projection of 3D image is 
shown. (Right) A single Z-slice of region outlined in white showing co-expression of sp5l and her3 
with olig4; dashed line indicates medial boundary of olig4.  
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(K-L) dbx1b:GFP response to Wnt activation. (K) Representative examples of transverse (left 
column) and sagittal (right column) cross-sections of 15-18 ss neural tube after mosaic expression 
of CA-bcat-tagBFP2 (bottom) or tagBFP2 control (top) in transgenic embryos expressing 
her3:mScarlet-NLS (magenta) and TgBAC(dbx1b:GFP) (green). (L) Cumulative dbx1b:GFP signal 
dorsal to her3:mScarlet-NLS reporter. Circles represent different embryos, while horizontal line 
indicates median. P value calculated using Student’s T-Test. See also Figure S6I.  
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Methods 
 
Zebrafish strains  
Zebrafish (Danio rerio) were raised, maintained, and used for experiments as per protocols 
approved by the Harvard Medical Area Institutional Animal Care and Use Committee (HMA 
IACUC). AB and TL strain fish were used for all experiments. Juveniles and adults were 
maintained on a 14 h light / 10 h dark cycle at ~28°C. Embryos were typically obtained from 4 
mo – 18 mo old fish, and raised at 25 to 33°C.  
 
The following new transgenic lines were generated for this study and are described below: 
Tg(sox19a:H2B-mCherry2) and Tg(her3:mScarlet-NLS). The following transgenic strains were 
also used and have been described previously: TgBAC(dbx1b:GFP)nn11 56, 
TgBAC(pax3a:GFP)i130 43, Tg(shha:GFP)57, Tg(actb2:MA-2xmNeongreen)hm40

.  
 
 
Generation of transgenic lines 
Tg(sox19a:H2B-mScarlet): An amplicon spanning a ~6.7kb genomic sequence upstream of the 
predicted sox19a translation start site was PCR-amplified from a chromosome 5 BAC clone 
(CH73-378C22, CHORI-BACPAC) using primers 5-GCATAATCTAGCGCGAGTCC-3 and 5-
CATGGCTGCCAACAGAAGT-3, Phusion polymerase, and the following cycling parameters: 
98°C for 1 min, 35 cycles of 98°C for 10 sec, 64°C for 30 sec, and 72°C for 3 min, followed by 
72°C for 5 min and a 4°C hold. The resulting amplicon was ligated into a pMTB vector backbone 
fragment (AddGene #112225) amplified with the same cycling parameters and primers 5-
ACTTCTGTTGGCAGCCATGTCTAAAGGTGAAGAACTGTTCA-3 and 5-
GGACTCGCGCTAGATTATGCGTAATGACTAGGCCCTCGAGC-3 by isothermal assembly to 
replace the original actb2 promoter with that of sox19a. Subsequently, reporter downstream of 
the promoter was replaced with an mScarlet gene fused to histone 2B (H2B).  
 
Tg(her3:Scarlet-NLS): A ~4.7 kb fragment of the her3 promoter32 was amplified from a pBSceI-
her3:GalTA plasmid 58 and cloned upstream of an mScarlet gene fused to an SV40 NLS 
sequence (PKKKRKV). 
 
Transgenic founders were identified following the co-microinjection of single-cell stage zebrafish 
embryos with Tol2 mRNA and the resulting plasmid DNA. 
 
Confocal Microscopy 
All imaging was performed on a Zeiss LSM980 laser scanning confocal microscope using a 
Plan-Apochromat 20X 1.0 NA, C-Apochromat 40X/1.1 NA, or a LD LCI Plan-Apochromat 
40x/1.2 NA objective. A ~300 μm x 300 μm x 100 μm region was imaged in a typical 
experiment.  
 
For timelapse imaging, embryos were maintained at 25-28 C in egg water and mounted using a 
previously described procedure9 that allowed long-term imaging of the posterior neural plate.  
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For imaging of fixed embryos, particularly for samples used to generate transcription factor and 
signaling activity maps, they were mounted in PDMS casts (10% cross-linker, with 1% Triton-
X100) and embedded in Prolong Gold Antifade Mountant (ThermoFisher) prior to imaging using 
the LD LCI Plan-Apochromat 40x/1.2 NA immersed in glycerol.  
 
Reference-mapping  
For reference-mapping, measurements were typically made in transgenic embryos in which 
cells are fluorescently labeled, either using a ubiquitously expressed membrane-or nuclear-
localized fluorescent protein, and the notochord is fluorescently labeled using a shha:GFP 
reporter. Following confocal imaging, membrane-labeled cells were individually segmented 
using PlantSeg 59, while nuclear-labeled cells were identified in Imaris (v10.0). Custom MATLAB 
software was used to manually annotate the approximate dorsal midline of the notochord and to 
automatically calculate the outer surface of the embryo based on standard thresholding-based 
analysis.  
 
Next, the sagittal plane of the embryo was calculated by using the anterior, posterior, and dorsal 
extrema of the annotated notochord midline. A mediolateral coordinate was assigned to each 
segmented cell/nucleus based on its distance from the sagittal plane, calculated along contours 
defined by the shape of the embryo surface. An anteroposterior coordinate was similarly 
calculated, based on the distance from the posterior tip of the annotated midline. Finally, the 
depth of the cell was calculated based on its distance from the embryo surface, along the 
normal vector to the surface. These three coordinates constitute the ‘reference-based’ 
coordinates for each cell.  
 
To construct the reference-map for a given measurement, segments were translated to their 
reference-based coordinates within a new 3D image, with all pixel values within each segment 
assigned its mean signal value.   
 
 
Selection of transcription factors for neural plate characterization from single-cell data 
Cells from 10 hpf within a previously-described transcriptomic dataset covering different stages 
of zebrafish embryogenesis39 were analyzed to identify potential spatially patterned transcription 
factors in the neural plate. Using SCANPY60, cells annotated as ‘posterior neural tissue’ were 
isolated, organized into 10 Louvain clusters, and the ‘highly-variable’ function was used to 
identify the 200-most overdispersed genes. These genes were then cross-referenced with 
annotated zebrafish transcription factors (AnimalTFdb 4.061) to identify variable transcription 
factors (TFs). Next, TFs expressed above a maximum value of 0.3 within at least one Louvain 
cluster were identified. Next, correlated genes were identified: for each pair of genes, their 
cross-correlation of mean expression across clusters was calculated, and genes were 
hierarchically clustered based on this. For sets of genes with median cross-correlation above a 
threshold value, only the highest expressed member was retained. This procedure yielded 28 
TFs for further analysis.  
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The following TFs showed very low or undetectable HCR RNA-FISH signal within the neural 
plate and were not used further: fosab, hnf1ba, junbb, meis3, pax6a, and id2a.  
 
Identification of TF co-expression states and similarity 
Reference-maps were generated as 3D images at approximately the resolution of the original 
confocal image (0.5 um x 0.5 um x 0.7 um) but transformed into 2D by maximum projection 
along the depth axis. These maps were subsequently downsampled for analysis by binning 
pixels 10x10 (corresponding approximately to the size of a cell in the neural plate, 5 um 
diameter). For analysis of TF variation and clustering, the map for each gene was transformed 
into a vector by concatenating rows in the image matrix. Principal Component Analysis and k-
means clustering were performed on these map vectors.  
 
For calculation of gene expression similarity, each cluster was analyzed as a vector in an 18-
dimensional space, with dimensions corresponding to the 18 different genes displayed in Figure 
2C and its value along each gene dimension corresponding to the mean expression of that gene 
within the cluster. Similarity was assessed using a cosine similarity distance.  
 
Chemical perturbation of Wnt signaling 
LGK974 (SelleckChem, Catalog No.S7143) was stored at a stock concentration of 10 mM in 
DMSO. For perturbation experiments, bud-stage (10 hpf) embryos were dechorionated using 
Pronase (2 mg/ml) and then treated with 10 uM LGK974 (0.5% final concentration of DMSO) in 
Danieau buffer. Treated embryos were raised at 28 C for 3h, and subsequently washed 3 times 
with Danieau buffer prior to fixation.  
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