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ABSTRACT
Multicellular morphogenesis must balance organismal cohesion with local tissue differentiation. In avian beaks, conserved 
epithelial–mesenchymal crosstalk underlies the formation of condensations of migratory neural crest mesenchymal (NCM) 
cells, yet how these cells acquire precise positional information without compromising stemness is unclear. Using high‐ 
throughput quantification of protein expression and morphology of 2.1 million cells and 16 stereotypical condensations across 
upper and lower beaks, we resolve the temporal sequence of condensation anchoring. We find that a subset of mesenchymal 
cells at each condensation site transiently matches protein expression in the overlying epithelium, which diverges as devel
opment proceeds. Propagation of these location‐specific expression profiles into mesenchyme establishes signaling boundaries 
that anchor forming condensations. As NCM cells accumulate within these boundaries, they progressively erase location‐ 
specific protein profiles and restore their region‐ and tissue‐specific protein expression. These transient location‐matching and 
cell‐homogenization phases show how migrating NCM cells achieve precise positional anchoring while retaining stemness 
needed for regional specifications. Ultimately, spatiotemporal modulations of a conserved regulatory network by predictable 
patterns of cell proliferation and migration can underpin the remarkable evolutionary diversification of avian beaks.

1 | Introduction 

In multicellular development, cell differentiation occurs largely in 
the context of cell groups, where cell contacts synchronize and 
channel their variability and prime fate transitions (Akieda 
et al. 2019; Atchley and Hall 1991; Dunlop and Hall 1995; B. K. 
Hall 1978, 2003; Soldatov et al. 2019; Tacchetti et al. 1992). Yet how 
uniform cells aggregate and what guides the spatial and temporal 
distribution of the resulting cell condensations remain poorly 
understood. Crucially, it is unclear whether these two aspects are 
linked: condensations are often viewed as an emergent outcome of 
aggregation and adhesion of individual cells (Barna and 

Niswander 2007; Cottrill et al. 1987; Glimm et al. 2014; Kaul 
et al. 2015; Svandova et al. 2020; Widelitz et al. 1993), yet their 
highly stereotypical distribution implies specific positional sensitiv
ity (Abramyan and Richman 2015; Hu et al. 2015; Wu et al. 2006). 
This combination of universality and specificity is particularly 
striking for distantly induced multipotent cells that travel through 
diverse signaling environments before arriving at local contexts 
where they form region‐appropriate aggregations (Buitrago‐Delgado 
et al. 2015; Gitton et al. 2010; B. K. Hall 1980, 2018; Hovland 
et al. 2022; Kaucka et al. 2016; Paudel et al. 2022; Woronowicz and 
Schneider 2019). Mechanisms that modulate the spatial and 
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temporal sensitivity of these cells and reconcile their stemness with 
their ability to organize locally appropriate tissues are central to the 
evolution of morphological diversity.

A particularly well‐studied example is craniofacial morphogenesis 
in vertebrates, where migrating neural crest‐derived mesenchymal 
(NCM) cells that build the upper and lower jaws combine 
remarkable regulatory autonomy with an equally striking ability to 
orchestrate region‐specific molecular and cellular interactions 
(Creuzet et al. 2005; Fonseca et al. 2017; B. K. Hall 1999; Hu 
et al. 2015; Jheon and Schneider 2009; Minoux and Rijli 2010; 
Santagati and Rijli 2003; Schneider 2024; Schneider and 
Helms 2003; Selleri and Rijli 2023; Welsh and O'Brien 2009). This 
combination has fueled a long‐standing research program 
addressing whether spatiotemporal specificities are embedded in 
NCM cells at the time and place of their induction, accumulate in 
NCM cell groups during migration, or emerge through cellular 
and molecular interactions with local tissues (B. K. Hall 1999; 
Minoux and Rijli 2010; Schneider 2018; Selleri and Rijli 2023). 
Classical grafting experiments, particularly in birds, found evi
dence for all of these processes (Creuzet et al. 2005; J. Hall 
et al. 2014; Hu and Marcucio 2012; Hu et al. 2003; Noden 1983; 
Ray and Chapman 2015; Richman and Tickle 1989; Trainor 
et al. 2002). Essentially, NCM cells, although retaining molecular 
memory of their origin and accumulating migration bias en route 
still retain enough multipotency upon their arrival to orchestrate 
region‐specific condensations (Buitrago‐Delgado et al. 2015; Dupin 
et al. 2018; Kelsh et al. 2021). Yet, the epithelial–mesenchymal 
signaling essential for proper placement of condensations is deeply 
evolutionarily conserved (Eames and Helms 2004; Le Douarin 
et al. 2004; Lu et al. 2024), which raises the question of how 
placement specificity emerges.

Mechanisms capitalizing on predictable material properties of 
cells and tissues (such as tension or elasticity), as well as on 
measures of distance and time are particularly suited for posi
tional regulation, including in NCM tissues (Badyaev 
et al. 2025; Barriga et al. 2018; Francis‐West et al. 1998; Lenne 
et al. 2021; Medeiros and Crump 2012; Meinecke et al. 2018; 
Ransom et al. 2018). One potential resolution therefore is that 
the distribution of condensations might be linked to the dis
tance and timing of NCM cell's migration and to associated 
changes in either sensitivity to epithelial signaling or epithelial 
signaling itself caused by growth expansion. Indeed, the ability 
of epithelial signaling to initiate mesenchymal condensation is 
time‐sensitive, NCM cell fate specification is affected by the 
accumulating effects of migration, and expanding epithelium 
produces a feed‐forward signaling gradient (Celá et al. 2016; 
Haworth et al. 2004; Liu et al. 2005; MacDonald and Hall 2001; 
Merrill et al. 2008; Welsh and O'Brien 2009). Thus, it is 

important to establish the time, place, and context in which 
NCM cells first acquire location specificity and to identify how 
time‐ and distance‐dependent local divergence modulates 
deeply conserved epithelial–mesenchymal signaling.

Here, we take this approach by tracing the temporal onset of 
regional specificity in cellular and molecular determinants of NCM 
condensations across the beak primordia of the house finch (Hae
morhous mexicanus). We specifically focus on the role of the 
boundary that delineates condensations within the fields of mes
enchymal cells and is essential for condensation growth, modula
tion of external inputs, maintenance of uniformity, and ultimate 
differentiation (Giffin et al. 2019; B. K. Hall and Miyake 2000; He 
et al. 2025). Whether the boundary is a cause or consequence of 
condensation formation is unclear; it can emerge as a consequence 
of cell aggregation and resulting radial signaling gradient, or it can 
precede condensations through upregulation of signaling in mes
enchymal cells in interaction with extracellular matrix components, 
producing physical or signaling barriers facilitating sorting and 
retention of migrating NCM cells (Giffin et al. 2019; B. K. Hall and 
Miyake 2000; Widelitz et al. 1993). Here, we explore these roles with 
particular focus on the onset of location specificity in condensation 
anchoring (e.g., Figure 1f); we specifically test whether NCM cells 
propagate epithelial signaling into the mesenchyme by capitalizing 
on cell growth, rearrangement, and material transitions (Badyaev 
et al. 2025; Conigliaro and Cicchini 2019; Kicheva and Briscoe 2023; 
Kornberg and Roy 2014; Wood et al. 2021).

We first establish the temporal sequence of tissues 
reorganization involved in condensation formation (Figures 1
and S2) and the contribution of cellular and molecular mech
anisms to this reorganization (Figure 2). We then capitalize on 
extensive developmental divergence and tissue reorganization 
within and between the upper and lower jaw primordia (Depew 
and Compagnucci 2008; Gitton et al. 2010; Tak et al. 2017) to 
statistically partition variance associated with the global, 
regional, and locally unique molecular and cellular processes 
during condensation formation (Figures 1 and 3).

Using an analytical approach that allows tracing millions of cells 
throughout development across the upper and lower beak 
primordia (Table 1 and Figure S1), we find that condensations are 
preceded by the formation of signaling boundaries—a subset of 
NCM cells extending locally unique protein profiles of overlying 
epithelium into the mesenchyme, followed by the accumulation 
and compaction of NCM cells within these boundaries and sub
sequent cellular and molecular homogenization. We suggest that 
these phases of transient specialization and homogenization in 
migratory NCM cells can reconcile their undiminished develop
mental potential with location‐specific anchoring of condensations. 
Such developmental organization allows for the spatiotemporal 
modulation and recombination of conserved regulatory modules, 
facilitating evolutionary diversification of avian beaks.

2 | Materials and Methods 

2.1 | Data Collection and Sample Sizes 

We measured cell morphology and protein expression in upper 
and lower beak primordia of house finch embryos across 

Summary 
• Transient adoption of epithelial signaling can recon

cile stemness and regional specification in neural 
crest cell condensations.

• This developmental organization balances global 
coordination and local specialization and can facili
tate evolutionary diversification of avian beaks.
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FIGURE 1 | Temporal sequence of condensation origin. (a) Schematics of NCM cell migration streams (coral arrows) from their induction sites 
in neural folds (i) to the future condensations distributed across anterior–posterior (AP) and dorsoventral (DV) zones of the upper and lower beaks. 
En route, groups of migrating NCM cells interact with each other (ii), experience external input, such as unfolding epithelial signaling (iii), and axial 
signaling gradients emanating from the base and tip of beaks (iv and v). Dashed rectangles at condensation sites represent grid boxes analyzed in this 
study (see Section 2). Insert (vi) shows an example of Ihh expression (magenta) in studied tissues (see also Figure S2) and corresponding tissue 
classification within each grid box: CON—condensation, BND—boundary, MES—uncondensed mesenchyme, SIG—signaling epithelium overlying 
condensation, and EPI—adjacent epithelium. Also shown is the corresponding tissue scheme for reporting results for pre‐ (t − 1) and condensation 
(t) stages. (b and i) Known and proposed temporal sequences of condensation origin. Arriving NCM cells either induce local epithelium signaling (b) 
or proliferate, forming condensation and its boundary, subsequently inducing epithelial signaling (c); compaction of earlier arriving NCM cells forms 
a boundary that sorts or traps cells either producing condensations directly (d) or inducing epithelial signaling which then maintains condensation 
formation (e), signaling epithelium either induces the formation of a boundary leading to accumulation of arriving NCM cells (f) or attracts migrating 
cells causing them to aggregate and form the condensation directly (g). Dynamically interacting NCM cells acquire rigidity and either form a 
boundary (h) or express proteins enabling them to induce or respond to local epithelial signaling (i). [Color figure can be viewed at 
wileyonlinelibrary.com] 
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developmental stages HH25‐36 from five genetically distinct 
population groups (Table S1, Badyaev 2010; Potticary et al. 2020). 
Protocols for egg collection, incubation to the required develop
mental stage, calibrated with zebra finch developmental staging 
(Murray et al. 2013), and field storage of samples are in Badyaev 
et al. (2025). Beaks were cryosectioned at 8 μm and stored at 
−80°C. Thirteen sections per individual were obtained at beak 
midline: one section was stained with Alcian blue hematoxylin 
and eosin (H&E; U. Rochester MC) to delineate the area of 
interest (AOI) and tissues, 12 were used in immuno
histochemical (IHC) analysis of 8 proteins described below.

2.2 | Tissue Assignment, Condensation 
Identification, and Cell Morphology 

Cell measurements and protein expression data were collected 
within AOI of the upper and lower beak that was delineated by 

landmarks homologous across developmental stages and con
firmed with H&E histological staining (C. A. Lee et al. 2024). 
Briefly, the upper beak AOI was from the point of inflection of 
the upper beak, to the lower outer tissue of the brain/eye to the 
inner edge of the mouth, just past the palatine process, but not 
including the palatine process, to the tip of the beak, along the 
inner edge of the egg tooth and back to the point of upper beak 
inflection. The lower beak AOI was from the tip of the lower 
beak, down the inner edge past the developing tongue until the 
beak begins to widen, across the lower beak, and back to the 
lower beak tip along the outer edge. Four equal anterior– 
posterior (AP) and two equal dorsoventral (DV) zones were 
established within the upper and lower beaks based on the 
uniform size of overlaying grid (Figure 1a).

In this work, we focused only on precondensation (t − 1) and 
the earliest condensation (t) stages (Figure 3a), excluding any 
condensations that initiated tissue differentiation because it is 

FIGURE 2 | Representative examples of histological grid boxes (n = 35,755; Table 1 and Figure S1) showing mesenchymal cell condensations and 
overlying epithelium (panel (a) shows the scheme from Figure 1). Text under panels (b–k) shows protein expression, developmental stage, population 
abbreviation, and jaw. Scale bar is 50 μm. [Color figure can be viewed at wileyonlinelibrary.com] 
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associated with distinct expression of studied proteins (Celá 
et al. 2016; Duckworth et al. 2025; Ray and Chapman 2015). The 
workflow for tissue assignment and curation, and high‐ 
throughput measurements of cell morphology, variability and 
density, and protein expression using software we developed for 
this work (C. A. Lee et al. 2024) is detailed in Figure S1. We 
focused on 16 stereotypical mesenchymal condensations (8 in 
upper beak and 8 in lower) that were repeatably identifiable in 
> 80% of samples (Tables 1, S2 and Figures S1–S3). In the upper 
beak, three of these condensations (U2, U5, and U8) were parts 
of the frontonasal facial prominence, three others (U4, U10, and 
U12) were contained within the lateral nasal facial prominence 
and two (U6–7 and U9) eventually merge into the maxillary 
prominence. In the lower beak, six condensations will form the 
basihyal (L3–6) and paraglossal (L1, L5, L7) cartilages and 

associated muscle (L8 and L9). L2 will form the dentary bone 
and L4 –Meckel's cartilage (Tables 1 and S2). Within each grid 
box, for all cells, we measured area (μm2), perimeter (μm), 
aspect ratio (AR) = a

b
(major and minor axis of the best fitting 

ellipsoid), solidity, circularity, the cell shape index po = Perimeter
Area

, 
and polarity angle of the major axis (folded into 0°–180° range). 
For each grid box (~ 130 cells per box, n = 2,120,160 cells total), 
we also calculated the mean and standard deviation for these 
measures.

2.3 | Immunohistochemistry 

We measured the expression of eight proteins that play a central 
role in avian beak development (Abzhanov et al. 2004, 2006; 

FIGURE 3 | Cellular and molecular processes of condensation origin and statistical inference into their location specificity. (a) Stages of 
condensation formation and differentiation within a grid box (Figure 1a inset) used in the workflow (Figure S1). (b) Comparison of cell morphology 
and protein expression in each tissue at stages across scenarios of Figure 1. (b‐i) informs how epithelial–mesenchymal interactions can orchestrate 
location‐specific condensations. Cells can show polarity toward the sites of future condensations (i; i′‐ shows variation in cell polarity), toward (ii) or 
away (iii) from epithelial or mesenchymal cells, forming cell groups (iv). These movements along with changes in cell density and proliferation (v) 
can transport, dilute, or delimit spread of molecular signaling (dashed circles) leading to compartmentalization of condensation sites. Tissue 
abbreviations as in Figure 1. (c, d) Statistical variance partitioning in molecular and cellular mechanisms to infer sources of variance during 
condensation formation. Predictions illustrating an approach to distinguish “local” context‐dependent variance (contribution of interaction terms 
between condensation placements along AP and DV axes and between jaws), “positional” gradient‐based variance (contribution of condensation 
placement along AP and DV axes or in different jaws), and “global” variance unexplained by any location‐ or jaw‐based measure, either directly or in 
interaction, and likely representing tissue‐specific variation or unmeasured effects (see Section 2). Hypothetical contributions of molecular and 
cellular mechanisms are shown. (c) Variance partitioning between pre‐ (t −1) and condensation (t) stages. (d) Change between stages for two tissues. 
Tissue 1 shows an increase in local specificity, especially of molecular contributors, such as those associated with greater developmental specification, 
and lessening contribution of positional gradients in cellular and molecular effects. Tissue 2 shows diminishing local specificity, expected under tissue 
reprogramming in which positional gradients no longer explain significant variance. Increased contribution of positional gradients reflects tissue 
reorganization, here also implying interdependence of condensations due to their temporal synchrony or juxtaposition. [Color figure can be viewed at 
wileyonlinelibrary.com] 
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Badyaev et al. 2026; Fritz et al. 2014; Mallarino et al. 2011, 2012; 
Ray and Chapman 2015; Wu et al. 2004, 2006): β‐catenin, bone 
morphogenic protein 4 (Bmp4), calmodulin1 (Calm1), dickkopf 
homolog 3 (Dkk3), fibroblast growth factor 8 (Fgf8), Indian 
hedgehog (Ihh), transforming growth factor beta 2 (TGFβ2), and 
wingless type 4 (Wnt4). For immunostaining, we used anti‐β‐ 
catenin (610153, 1:16,000, BD Transduction Laboratories), anti‐ 
CaM (sc‐137079, 1:15, Santa Cruz Biotechnology), anti‐Wnt4 
(ab91226, 1:800; Abcam), anti‐Tgfβ2 (ab36495, 1:800, Abcam), 
anti‐Bmp4 (ab118867, 1:100, Abcam), anti‐Ihh (ab184624, 1:100, 
Abcam), anti‐Dkk3 (ab214360, 1:100, Abcam), and anti‐Fgf8 
(89550, 1:50, Abcam) antibodies using methods described previ
ously (C. A. Lee et al. 2024). Validations confirming the specificity 
of stains are in Badyaev et al. (2025). Reactions were visualized 
with either diaminobenzidine (DAB, Elite ABC HRP Kit, PK‐6100, 
Vector Labs) or Vector Red Alkaline Phosphatase substrate and 
Vectastain ABC‐AP Kit (AK‐5000, Vector Labs) and nuclei were 
counterstained with hematoxylin. Three slides, each containing 
four tissue sections (12 sections per embryo) were run with the 
following grouped antibodies: (i) β‐catenin, Fgf8, Tgfβ2 and no 
primary control, (ii) Bmp4, Wnt4, Ihh and no primary control, and 
(iii) Dkk3 and no primary control, and CaM and no primary 
control. These were imaged and named according to embryo ID, 
protein, developmental stage, and IHC run to enable high‐ 
throughput processing of cell‐based expression as described in C. 
A. Lee et al. (2024). Protein expression was measured as the ratio of 
cells expressing the protein to the total number of cells within the 
tissue. Across IHC runs, we randomized the assignment of sections 
from different populations and stages.

2.4 | Statistical Analyses 

To achieve normal distribution, reduce skewness and stabilize 
variance, we used the Box–Cox transformation with λ = 0.5 for 
raw values of protein expression, the standard logarithm trans
formation for cell morphology measures and the arcsine trans
formation for cell density and AR proportional measures. We 
derived linear principal components of the normalized and 
standardized measurements of cell morphology and variability 
that reduced these measurements to two dimensions—cell shape, 
cell size as well as variation in these two parameters (Table S3). 
We used a mixed‐effects model of Proc Mixed (SAS 9.4), to 
compute the least squares (LS) means of cell morphology and 
protein expression across tissues, time periods, and condensation 
placements, and compared them after a Sidak adjustment for 
multiple comparisons. Population and embryo identity were 
treated as random effects. To evaluate tissue divergence and its 
change between time periods, we computed pairwise Euclidean 
distances between the tissues in molecular (8 factors) and cel
lular (5 factors) divergence. We compared cell polarity angles 
with Watson–Williams axial test and adjusted multiple pairwise 
tissue comparisons with Bonferroni correction.

In addition to the strong positional effects of placement 
along AP and DV axes across jaws or tissues, the majority of 
cellular and molecular mechanisms also showed substantial 
context‐dependency as evidenced by significant two‐ and 
three‐way interactions among these predictors. This gave us 
an opportunity to directly compare the contribution of 
positional effects (zones along AP and DV axes and jaw 

placement, Figure 1a), local, or region‐specific “local” effects 
(interactions between these predictors) and of effects not 
accounted for by either gradient or local placement (which 
includes tissue specificity of cellular and molecular mecha
nisms; Figure 3). For every tissue type, we compared the 
explanatory power of context‐specific (“local”) effects in 
cellular and molecular responses by contrasting the marginal 
R2 from a full model—which included all predictors and a 
full array of their interactions—with that of a reduced model 
which excluded all interaction terms. Both models were es
timated using maximum likelihood approach in mixed‐ 
effects models, in which fixed effects captured the primary 
predictors with Proc PLM (SAS 9.4). Fixed‐effect predictions 
were generated and their variance computed, while random 
and residual variances were extracted from the covariance 
parameters. We calculated the marginal R2 as the ratio of the 
variance due to fixed effects to the total variance (the sum of 
fixed, random, and residual variances). Contribution of the 
context‐specific “local” predictors was the difference of 
marginal R2s between the full and reduced models, contri
bution of positional effects was contribution of fixed posi
tional (noninteraction positional predictors, i.e., zones and 
jaws) to the full model, and global “unexplained” variance 
was calculated as the variance in cellular or regulatory effect, 
not explained by the model (Figure 3c,d).

3 | Results 

3.1 | Matching Protein Profiles of Overlying 
Epithelium Precedes Condensation Formation 

Although not yet morphologically distinct from surrounding 
mesenchyme, future boundary cells had elevated Ihh compared 
to all other tissues, and also had distinct expression of β‐ 
catenin, Bmp4, Dkk3, and Tgfβ2 relative to adjacent mesen
chyme, as well as different Fgf8 and β‐catenin expression 
compared to the overlying epithelium (Figure 4a and 
Tables 2, S4). Protein profiles of future boundary cells were 
more similar to the overlying epithelium than to any other 
tissue, including the adjacent mesenchyme of future conden
sations (Figure 5a,e). Future condensation cells expressed lower 
β‐catenin compared to both the overlying epithelium and the 
future boundaries but did not differ in expression of other 
proteins or cell morphology from the surrounding mesenchyme 
(Figure 4 and Table S4). Prior to condensation formation, the 
epithelium overlying future condensations was similar to the 
adjacent epithelium in protein expression and cell morphology 
(Figure 5). Outside of future condensation sites, mesenchymal 
tissues showed polarity toward the sites of future condensations 
whereas future boundary cells showed strong polarity toward 
the overlying epithelium (Figure 6a). Mesenchymal and epi
thelial tissues differed in both protein profiles (except for Ihh 
and CaM) and cell morphology and variability (Figures 4, 6 and 
Tables 2, S4).

3.2 | Enclosed Condensations Rapidly Diverge 
From Adjacent Tissues 

Enclosed condensations contained smaller, more densely 
packed, and more uniform cells compared to the surrounding 
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boundary, and expressed lower β‐catenin and Bmp4, but higher 
Ihh, Wnt4, and Tgfβ2 (Figures 4a,b, 5b,d, 6b and Table S4). 
Condensed and uncondensed mesenchyme differed in the ex
pression of Bmp4, Fgf8, Ihh, Tgfβ2, and Wnt4; condensations 
contained cells that were more uniform in size and shape and 

were more densely packed than adjacent uncondensed mesen
chyme (Figures 4, 5d, 6 and Table S4). Cells of condensation 
boundaries were bigger, more oblong in the direction of over
lying epithelium (Figures 4b, 5d, 6b), and distinct from cells of 
adjacent mesenchyme, particularly in size and polarity 

FIGURE 4 | Tissue‐specific (a) protein expression and (b) cell morphology during pre‐ (t − 1, left side) and condensation (t, right side) stages. 
Schematics of tissues follow insert of Figure 1a. Shown are LS means and significant differences between them (based on Tables 2 and S4) as well as 
associated dependency on tissue type (T), jaw (J), anterior–posterior (AP) or dorsoventral (DV) zones, as well as on interaction between the tissue 
type and jaw (T*J), anterior–posterior (T*AP) or dorsoventral (T*DV) axes (based on Table 2). Bold values indicate significance after adjustment for 
multiple pairwise comparisons. Arrows indicating the LS mean differences are proportional to adjusted p value (thin arrows: p ≤ 0.1, medium: 
0.05 ≤ p < 0.1, and thick arrows: p < 0.01, based on Table S3). Color saturation is proportional to values for all tissues and time periods; color scheme 
reflects IHC staining group in (a) and is separate for mesenchymal (MES, BND, CON) and epithelium (EPI, SIG) tissues in (b). [Color figure can be 
viewed at wileyonlinelibrary.com] 
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(Figure 5f) and in protein expression (Figures 4b, 5be and 
Table S4). The epithelium overlying condensations expressed 
higher Ihh and Wnt4 than the adjacent epithelium; un
condensed mesenchyme and its overlying epithelium differed in 
expression of all proteins, except for Dkk3 and Wnt4 
(Figures 4, 5b and Tables 2, S4).

3.3 | Growing Condensations Undergo Cellular 
and Molecular Homogenization 

Changes in molecular and cellular variation during condensation 
formation were mostly confined to condensed mesenchyme and its 
overlying epithelium (Figure 7 and Tables 3, S5). Bmp4 that was 

FIGURE 5 | Summary of tissue differences in (a and b) protein expression (β‐catenin/3 is shown) and (c and d) cell morphology (cell density/100 
is shown) as well as changes in pairwise tissue distances in (e) protein expression and (f) cell morphology between pre‐ (t − 1) and condensation (t) 
stages (based on Figure 4). Bold values, solid lines, and asterisks indicate significant change in Euclidean distances (two‐tailed t‐test). [Color figure 
can be viewed at wileyonlinelibrary.com] 
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highly expressed at the site of future condensations became non
detectable there, whereas expression of all other proteins increased 
strongly within condensations and the overlying epithelium (except 
for Tgfβ2 and CaM that only increased within the condensation) 
once a condensation was formed (Figure 7 and Tables 3, S5). β‐ 
catenin and Bmp4 also increased in the epithelium overlying un
condensed mesenchyme while Tgfβ2 and Wnt4 decreased; Dkk3 
also became highly expressed in uncondensed mesenchyme 
(Figure 7 and Table S5). Within condensations, cells became 
smaller and more packed, more uniform in size and shape, and less 
polarized (Figures 4, 6, 7). Protein profiles of boundaries and 

condensations converged to each other while diverging from 
adjacent mesenchyme and epithelium (Figure 5a,b,e). Similarly, 
condensations became morphologically distinct from adjacent 
mesenchyme (Figure 5f).

3.4 | Axial Gradient and Local Specificity in 
Condensation Formation 

Molecular and cellular changes during condensation formation 
were distinct between locations within the jaw and along AP 

FIGURE 6 | Cell polarity in mesenchymal tissues (a) prior (t − 1) and (b) during (t) condensation stage. 60°–120° tertile encompasses alignments 
toward or away from the adjacent epithelium. 0°–60° and 120°–180° tertiles encompass polarities toward or away from adjacent mesenchymal tissues 
(1/2 of the combined frequency should be used for direct comparison with the 60°–120° tertile frequency). The width of red arrows is proportional to 
the percentage of cells in the tertile. In precondensation stage (t − 1), only boundary (BND) and mesenchyme (MES) differ from each other (F2,18K =  
4.1, p = 0.02, BND vs. MES, p = 0.014, Bonferroni‐corrected ɑ = 0.016). During condensation stage (t), the polarity of all tissues differs from each 
other (F2,18K = 8.6, p < 0.001, all pairwise p's < 0.01). [Color figure can be viewed at wileyonlinelibrary.com] 

FIGURE 7 | Relative change [(after–before)/before] in protein expression and cell morphology between pre‐ (t − 1) and condensation (t) stages 
(data in Table S5). Shown are LS means controlling for the effects of axial position, jaw, and population. Color saturation shows the magnitude of 
change (blue shows negative values, red shows positive values) among tissues within each protein or cell measure. Absence of color indicates a lack 
of significant change. Text shows significance of change (Δ) and its association with tissue type (Δ*T), jaw (Δ*T*J), anterior–posterior (Δ*T*AV), or 
dorsoventral (Δ*T*DV) axes. Bold values indicate significance at α < 0.05 (Table 3). [Color figure can be viewed at wileyonlinelibrary.com] 
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and DV axes (Figure 4 and Table 3). Prior to condensation 
formation, β‐catenin, CaM, Ihh, Wnt4 and cell morphology, 
variability (except in polarity and size), and density formed a 
pronounced AP gradient in both jaws, while β‐catenin, Bmp4, 
Dkk3, Ihh, Tgfβ2, Wnt4, and cell morphology, variability and 
density formed a DV gradient (Figure 4 and Table 2). Bmp4, 
CaM, Fgf8, Ihh, and Wnt4, along with cell morphology, density, 
and variability (except polarity), also differed strongly between 
upper and lower beak tissues prior to condensation formation 
(Table 2). Once a condensation was formed, cell morphology 
and variability depended on condensation location along the AP 
and DV axes, whereas many proteins showed positional varia
tion along AV (except for Bmp4, Dkk3, and Tgfβ2) and DV 
(except for β‐catenin, CaM, and Tgfβ2) axes and, particularly, 
between jaws (except for β‐catenin, Table 2).

3.5 | Accumulation and Erasure of Local 
Specificity in Protein Expression During 
Condensation Formation 

At the precondensation stage, proteins in the overlying epi
thelium and the mesenchyme of future condensation bounda
ries had the most locally specific expression; Dkk3, CaM, Ihh, 
Fgf8, and β‐catenin had the most positional gradient depen
dency whereas Dkk3, β‐catenin, and Wnt4 also had the most 
locally specific expression (Figures 8a, S4a and Table S6). 
Overall, cell morphology and variability were more associated 
with axial polarity and jaw placement and showed lesser local 
specificity than the protein expression (Figures 8b and S5). 
Among cell measures, shape covaried most closely with axial 
position in both jaws, whereas polarity and size were more 
locally specific (Figures 8, S5 and Table S6). As condensations 
grew, positional and locally specific variance in protein ex
pression diminished within the condensation, its boundary, and 

the overlying epithelium, but not in the uncondensed mesen
chyme or its adjacent epithelium (Figure 8a–d). Likewise, 
positional and locally specific variance in cell morphology 
declined as condensations grew, while increasing in un
condensed mesenchyme (Figure 8d). Once condensations 
formed, protein and cell variation in their mesenchyme had 
similar variance distribution across axes and jaw placements 
(Table S6).

4 | Discussion 

We found that local specificity in avian beak mesenchymal 
condensations arises when some mesenchymal cells transiently 
match and propagate specific protein expression of the diverg
ing overlying epithelium and become boundaries of future 
condensations (scenario f in Figure 1, Figure 9). Whereas sig
naling cross‐talk between mesenchymal cells and overlying 
epithelium is known to drive condensation placement (Brito 
et al. 2008; Francis‐West et al. 1994; B. K. Hall and Miyake 1992; 
Haworth et al. 2004; Kumar et al. 2012; LaMantia et al. 2000; S.‐ 
H. Lee et al. 2021; Mina et al. 2002; Richman and Tickle 1989; 
Xu et al. 2023), here we present the temporally resolved 
dynamics of this process and show how it determines specificity 
of condensation placement. Our results directly implicate the 
mesenchymal boundary of condensations as a key anchoring 
mechanism that allows mesenchyme to maintain and inter
nalize initial epithelium signaling, sustaining reciprocal cross‐ 
talk between the two tissues (e.g., He et al. 2025). We also find 
that the local matching phase is brief as accumulating NCM 
cells progressively erase shared locally specific variation and 
restore their region‐ and tissue‐specific protein profiles.

These findings raise three key questions. First, what are the 
mechanisms by which NCM and epithelial cells share their 

TABLE 3 | Context‐dependence of change from precondensation to condensation stage in relation to tissue type, upper versus lower jaw, 
anterior–posterior, and dorsoventral zones.

Factor

Effects
Time Time*Tissue Time*Tissue*Jaw Time*Tissue*ZoneAP Time*Tissue*ZoneDV

F p F p F p F p F p

β‐catenin 0.0 0.96 0.9 0.47 3.4 < 0.01 2.9 < 0.01 1.9 0.05
Bmp4 1.6 0.21 3.1 0.01 4.3 < 0.01 6.4 < 0.01 2.7 < 0.01
CaM 0.7 0.40 1.3 0.26 1.3 0.25 3.1 < 0.01 2.8 < 0.01
Dkk3 6.1 0.01 0.7 0.59 2.5 0.01 1.8 0.02 1.6 0.11
Fgf8 0.2 0.70 0.4 0.83 2.1 0.03 1.3 0.21 2.2 0.02
Ihh 11.1 0.00 4.2 0.00 15.7 < 0.01 6.9 < 0.01 9.2 < 0.01
Tgfβ2 14.1 < 0.01 0.0 1.00 1.4 0.17 0.3 0.84 2.2 0.02
Wnt4 0.1 0.95 2.1 0.08 2.9 < 0.01 2.9 < 0.01 4.4 < 0.01
Roundness 0.5 0.50 1.1 0.37 151.8 < 0.01 4.4 < 0.01 15.3 < 0.01
Size 23.0 < 0.01 2.6 0.03 19.6 < 0.01 6.6 < 0.01 10.4 < 0.01
VarShape 2.4 0.12 1.3 0.26 249.7 < 0.01 2.5 < 0.01 22.1 < 0.01
VarSize 4.4 0.04 1.2 0.30 97.6 < 0.01 3.0 < 0.01 19.7 < 0.01
VarPolarity 57.3 < 0.01 2.6 0.03 5.5 < 0.01 9.2 < 0.01 6.8 < 0.01
Density 33.3 < 0.01 14.7 < 0.01 82.4 < 0.01 4.0 < 0.01 19.9 < 0.01

Note: Bold values are significant at p < 0.05. Statistics as in Table 2.
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protein profiles, and how is location specificity of these profiles 
originated? Second, how do accumulating NCM cells erase this 
location specificity with cell accumulation (Figure 8c,d). Of 
particular relevance is the relationship between the number of 
accumulating cells and their ability to maintain their uni
formity. Third, what enables the conserved regulatory proteins 
studied here to drive highly context‐specific and often sequen
tially opposite histological changes during condensation origin 
and differentiation? (Figure 4).

Several molecular and epigenetic mechanisms could account 
for the transient signal mimicry of overlying epithelium by the 
adjacent mesenchyme. First, the multipotent NCM cells at the 
sites of future condensations express an array of transcription 
factors able to respond to epithelial cues and also possess the 
open chromatin architecture making epithelial‐like enhancers 
accessible (e.g., Selleri and Rijli 2023; Van Otterloo et al. 2022). 
This poised state can enable NCM cells to match local combi
nations of signaling ligands under epithelial induction. Under 
this scenario, NCM cells receiving an epithelial signal activate a 
transcriptional program similar to the epithelial source 

(Francis‐West et al. 1994; Hu et al. 2015; Kumar et al. 2012; 
Xavier et al. 2016; Xu et al. 2023). This acquired autonomous 
signaling, in turn, either amplifies signaling through feedback 
to the epithelium or propagates the signal further into the 
mesenchyme (Figure 9) (Brito et al. 2008; Hu et al. 2015; Xavier 
et al. 2016).

Second, the transient epithelium–mesenchyme matching might 
involve morphogen transport between cells, by either special
ized structures or through active cell rearrangement or out
growth (e.g., Kicheva and Briscoe 2023). For example, 
cytonemes can directly deliver proteins through cell membrane 
contacts and transport receptors (Daly et al. 2022; Kornberg and 
Roy 2014; Wood et al. 2021). Observations that boundary cells 
are strongly polarized toward the overlying epithelium 
(Figure 6a) and form denser aggregations (Figure 4b) are con
sistent with cytoneme‐based or filopodial‐contact protein 
transfer rather than passive diffusion. Cytomeres can carry 
multiple proteins across cell contacts at once, explaining how 
Ihh, β‐catenin, Bmp4, and Dkk3 are simultaneously matched in 
mesenchyme (Figure 4a). Similarly, extracellular exosomes can 

FIGURE 8 | Distribution of positional (blue) and local (green) variance (%) between pre (t − 1) and condensation (t) stages in (a) protein 
expression and (b) cell morphology and variability measures (averages for cellular and molecular contributions) and changes associated with 
condensation formation in focal tissues in (c) protein expression, and (d) cellular measures. Data in Table S6; Figures S4 and S5. [Color figure can be 
viewed at wileyonlinelibrary.com] 
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diffuse through the basement membrane between epithelial and 
mesenchymal cells (Conigliaro and Cicchini 2019; Jiang 
et al. 2017). These vesicles can transfer not only proteins, but 
also mRNAs and miRNAs, effectively reprogramming boundary 
cells. This mechanism could account for the rapid and transient 
adoption of epithelial‐like expression in condensation boundary 
cells without requiring transcriptional activation.

Strong polarization of future boundary cells toward the over
lying epithelium (Figure 6a) and these cells' propensity to form 
denser aggregations (Figure 4b), raises the possibility that the 
observed epithelial signaling propagation is produced by mes
enchymal cellular outgrowth. Interestingly, the mesenchyme of 
future boundaries had a similar protein profile to the overlying 
epithelium, but distinct protein expression and polarization to 
its adjacent mesenchyme, including that of the future conden
sation (Figure 5e), implying that it is the mesenchyme that 
extends the epithelial signaling and not the other way around. 
This directionality is corroborated by the finding that protein 
profiles of signaling epithelium increasingly diverge from other 
tissues, whereas those of condensation boundaries converge 
with other tissues as condensation forms (Figure 5e). Cell 
jamming transitions that occur ubiquitously in precondensation 
mesenchyme of these samples and are directly linked to protein 
propagation (Badyaev et al. 2025) could account for distinct 
material properties of dense boundary cells that facilitate signal 
internalization and local compartmentalization.

The finding that the signaling mimicry between adjacent tissues 
differs between locations (Figure 8) suggests that the location 
specificity of NCM cell condensations is a by‐product of their 
cross‐talk with local epithelium. Under this scenario, the initial 
anchoring of a mesenchymal condensation by epithelial mim
icry is reinforced by mesenchyme's own propagation and 
amplification of local signaling (Figure 9). A combination of 
molecular memory in groups of NCM cells accumulated during 
migration, and developmental divergence of local epithelium 

(Figure 1a) produces a unique signaling combination; signal 
matching between the two adjacent tissues could thus produce 
locally specific condensation anchoring by default (Eames and 
Schneider 2008; Kaucka et al. 2016; Palmquist et al. 2022; Selleri 
and Rijli 2023; Welsh and O'Brien 2009; Wu et al. 2006). This 
mechanism can scale up to the level of axial placement of 
condensations as long as the epithelial–mesenchymal feedback 
involves the induction of the signaling boundary of a future 
condensation. For example, in the frontonasal ectodermal zone 
in avian embryos a mesenchymal signaling boundary is formed 
at the interface of Fgf8 and Shh domains of the overlying epi
thelium (Foppiano et al. 2007; Hu et al. 2003; Lu et al. 2024). 
Similar scenarios (Figure 8) occur in bidirectional epithelial– 
mesenchymal feedback of WNT/β‐catenin signaling (Reid 
et al. 2011). In both of these examples, local matching of the 
adjacent tissues is enabled by modulations of a conserved reg
ulatory network by time‐ and distance‐dependent cell prolifer
ation and migration. Notably, the observed location specificity 
of protein profiles is brief and rapidly replaced by general 
positional and tissue‐specific protein expressions as condensa
tions grow (Figure 8c,d and Table S6). This echoes a classical 
finding that the initial matching phase of epithelial signaling is 
short and stage‐specific, whereas the subsequent amplification 
and divergence of signaling by condensed mesenchyme must be 
prolonged to maintain condensations despite divergence of 
surrounding tissues (B. K. Hall and Miyake 1992). Essentially, 
the boundary allows condensed mesenchyme to internalize the 
epithelial signaling.

Distance to the boundaries also determines the rate of cellular 
and molecular homogenization within condensations and the 
onset of cell differentiation once this uniformity cannot be 
maintained after a condensation reaches a certain size (Cottrill 
et al. 1987; B. K. Hall and Miyake 1992). We observed that the 
acquisition of molecular uniformity coincides with cellular 
transformation – condensation cells became smaller and more 
uniform in size, shape, and polarity as they acquire similar 

FIGURE 9 | Hypothetical scenario reconciling location specificity and multipotentiality retention in cell condensation most consistent with the 
results of this study (Figure 1f). Reciprocal signaling induction between postmigratory NCM cells and diverging overlying epithelium (Figures 4
and 5) leads to signal propagation and internalization by mesenchyme (Figure 6), enabling specific anchoring of condensation. Accumulating cells in 
forming condensations undergo homogenization and erase locally specific factor expression (Figure 8). Tissue abbreviations as in Figure 1. [Color 
figure can be viewed at wileyonlinelibrary.com] 
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protein expression (Figures 5, 7, 8 and Tables 3, S6). Within 
condensations, cell uniformity is maintained through self‐ 
referencing and competition; the ability to mix and move is key 
to this process (Kaucka et al. 2016; Shahbazi et al. 2017; Zheng 
et al. 2021). Once cell movement is restricted, the condensa
tion's size could determine the onset and range of differentia
tion (Badyaev et al. 2025).

The proteins studied here are involved in a multitude of cellular 
and histological processes of avian beak development (Betancur 
et al. 2010; Cheng et al. 2024; Wu et al. 2004), composing a core 
regulatory network able to produce an array of configurations 
with context‐dependent effects on cellular dynamics (Badyaev 
et al. 2026; Duckworth et al. 2025; Mallarino et al. 2012). Our 
results strongly corroborate the role of Ihh as a boundary‐ 
specifying signal that predates the morphological appearance of 
cell condensation; it is essential in delineating condensations and 
synchronizing accumulating condensation cells (Amano 
et al. 2020; Colnot et al. 2005). In agreement with other studies, 
we also found key involvement of Bmp4, Fgf8, and CaM in the 
origin of condensations (B. K. Hall and Miyake 2000; Minoux and 
Rijli 2010; Santagati and Rijli 2003; Svandova et al. 2020). For 
example, Bmp4 was upregulated at sites of future condensations 
(Figure 4b and Table S4), where it promotes cell proliferation and 
cell compaction, whereas the strong upregulation of Fgf8 can 
prevent cell apoptosis at adjacent tissues in addition to providing 
positional information (Barna and Niswander 2007; B. K. Hall 
and Miyake 2000; Hu and Marcucio 2009; Minoux and Rijli 2010; 
Santagati and Rijli 2003; Wu et al. 2004, 2006). Interestingly, 
Bmp4 was sharply downregulated once condensations started to 
form (but upregulated in their boundaries, Figure 4a), likely to 
delay cell differentiation before the condensation reaches full size, 
as the presence of Bmp4 is associated with chondrogenesis and 
osteogenesis especially when coupled with high Ihh expression as 
found here (Figure 3a) (Celá et al. 2016; Giffin et al. 2019; 
Kobayashi et al. 2005; Mallarino et al. 2012; Wu et al. 2006; Yoon 
et al. 2006).

Context‐ and time‐specific modulation of the protein network 
can explain some discrepancies between our and previous 
studies. For example, a downregulation of mesenchymal Tgfβ2 
was found to be required for condensation formation (Ray and 
Chapman 2015), whereas we found a strong upregulation of this 
protein immediately prior to condensation formation in the 
tissues of the future boundary and overlying epithelium fol
lowed by an upregulation in condensing mesenchyme 
(Figures 4a, 5a and Table S4). Although, similarly to Bmp4, 
downregulation of Tgfβ2 can delay the onset of cell differenti
ation within condensations and prevent the formation of link
ages to Bmp4 and Wnt4 that promote osteogenesis (Ray and 
Chapman 2015), here Tgfβ2's increase can be explained by its 
upregulation of CaM, which is essential for cell adhesion and 
compaction in the formation of condensation boundaries 
(Figures 4a, 5a and Table S4) (B. K. Hall and Miyake 2000; Lin 
et al. 2006; Widelitz et al. 1993). The mechanochemical 
framework supports this interpretation: actomyosin‐driven 
condensation simultaneously activates Bmp4/Fgf8 while sup
pressing Tgfβ2 in established condensations, suggesting a tem
poral switch (He et al. 2025). Interestingly, Bmp4 and Tgfβ2 
expression had the lowest positional and locally specific vari
ance, indicating their persistent global effects compared to other 

proteins under this study (Figure S4). Similarly, a strong upre
gulation of β‐catenin within future condensation boundaries 
was consistently associated with cell polarized aggregation and 
compaction (Figure 4), whereas β‐catenin increase in the 
overlying epithelium (Figure 4a) suggests mechanical 
reorganization of epithelial tissues (e.g., Palmquist et al. 2022; 
Shyer et al. 2017).

Our results also shed light on the long‐range cellular processes 
contributing to condensation formation (scenarios ii and iii in 
Figure 3b are supported by our findings). Accumulating cell 
density within condensations was accompanied by a decrease of 
cell density in the surrounding mesenchyme (Figures 2 and 3) 
which, in combination with the strong lateral polarity of mes
enchymal tissues adjacent to condensations (Figure 6a), sug
gests that cell migration contributes to condensation formation 
and cell compaction (Figure 3a). Further, condensation for
mation is associated with a relative increase in cell proliferation 
at the condensation site and the associated decrease in average 
cell size and variability (Figure 7), corroborating previous 
findings (Abramyan and Richman 2015; Barna and 
Niswander 2007; Brembeck et al. 2006; Giffin et al. 2019; B. K. 
Hall and Miyake 2000; J. Hall et al. 2014; Paudel et al. 2022; Wu 
et al. 2006).

Cell polarity affects the orientation of cell division and cell 
migration and plays a key role in tissue reorganization during 
craniofacial development (e.g., Li et al. 2017; Yamaguchi 
et al. 1999). β‐catenin‐independent Wnt pathways affect cell 
polarity (Gao et al. 2011; Ho et al. 2012; Konopelski Snavely 
et al. 2023) and we found that distinct Wnt4 expression in the 
boundary, condensation, and uncondensed mesenchyme cor
responded to divergent cell polarity in these tissues 
(Figures 4, 5b, 6). Furthermore, the formation of condensations 
was associated with the reversal in Wnt4 expression between 
signaling and adjacent epithelium (Figure 7), corresponding to 
a signaling boundary between adjacent mesenchymal tissues 
with orthogonal polarity (Figure 6).

In sum, the developmental organization revealed here could 
reconcile the multipotentiality of NCM cells, evolutionarily 
conserved epithelial‐mesenchymal signaling, and the regional 
specificity of cell condensations placement needed for proper 
development. Because the juxtaposition and growth dynamics 
of cell condensations ultimately determine evolutionary diver
sification in avian beak shapes and sizes (Abzhanov 
et al. 2004, 2006; Badyaev 2011; Campàs et al. 2010; Linde‐ 
Medina et al. 2016; Schneider 2024; Wu et al. 2004), the 
mechanisms underlying the onset and erasure of position 
specificity in NCM stem cells are likely to be central in this 
process.
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