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Abstract

Quantitative analysis of gene expression domains and investigation of relationships between gene 

expression and developmental and phenotypic outcomes are central to advancing our 

understanding of the genotype-phenotype map. Gene expression domains typically have smooth 

but irregular shapes lacking homologous landmarks, making it difficult to analyze shape variation 

with the tools of landmark-based geometric morphometrics. In addition, 3D image acquisition and 

processing introduce many artifacts that further exacerbate the problem. To overcome these 

difficulties, this paper presents a method that combines optical projection tomography scanning, a 

shape regularization technique and a landmark-free approach to quantify variation in the 

morphology of Sonic hedgehog expression domains in the frontonasal ectodermal zone (FEZ) of 

avians and investigate relationships with embryonic craniofacial shape. The model reveals axes in 

FEZ and embryonic-head morphospaces along which variation exhibits a sharp linear relationship 

at high statistical significance. The technique should be applicable to analyses of other 3D 

biological structures that can be modeled as smooth surfaces and have ill-defined shape.

Keywords

gene expression domains; facial shape; Sonic hedgehog; frontonasal ectodermal zone (FEZ); 
genotype-phenotype map

1 Introduction

A current line of thought is that the process of embryonic development acts to structure and 

modulate genetic and phenotypic variation in ways that influence how natural selection can 

act on that variation to produce morphological change. However, it is unclear how various 

Contact author mio@math.fsu.edu Phone: +1-850-644-5596 Fax: +1-850-644-4053. 

7 Ethical Standards
All experiments comply with the current laws of the United States of America and Canada.

8 Conflict of Interest
The authors declare that they have no conflict of interest.

HHS Public Access
Author manuscript
Evol Biol. Author manuscript; available in PMC 2016 September 01.

Published in final edited form as:
Evol Biol. 2015 September ; 42(3): 379–386. doi:10.1007/s11692-015-9321-z.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



developmental processes generate and structure variation (Hendrikseet al. 2007; Wagner et 

al. 2006; Houle et al. 2010, Hallgrimsson et al. 2009). Developmental processes can be 

identified and characterized by specific gene expression patterns and are often visualized 

through mRNA or protein localization. To uncover relationships between developmental 

processes and phenotypic variation, spatial patterns of protein and mRNA expression are 

being systematically recorded over a range of spatial and temporal scales in several animal 

systems (Kudoh et al. 2001; Myasnikova et al. 2001; Visel et al. 2004; Lein et al. 2007; 

Tassy et al. 2010; Wong et al. 2013). However, quantitative studies have focused primarily 

on building atlases for studies of variation of gene expression level and relationships 

between different genes (Lein et al. 2007; Fowlkes et al. 2008; Fisher et al. 2008). This 

paper focuses on methodology for investigation of a different facet of this problem, how 

variation in the morphology of gene expression domains relates to developmental and 

phenotypic outcomes. Here, we develop a morphometric method to quantify 3D shape 

variation in Sonic hedgehog (Shh) mRNA expression domains in avians (chickens and 

ducks) and explore relationships with embryonic facial shape. The focus here is on methods 

and a more thorough discussion of the experimental model and its biological context appears 

elsewhere (Hu et al. 2015).

Signaling by Sonic hedgehog plays an essential role in the development of the vertebrate 

upper jaw (Hu et al. 2003; Marcucio et al. 2005; Hu and Marcucio 2009; Young et al. 2010). 

In amniotes, including mice and avians, Shh is first expressed in the forebrain prior to 

outgrowth of the facial prominences. As neural crest cells migrate into the midface, Shh 

expression is activated in the frontonasal ectodermal zone (FEZ), which acts as a signaling 

center that controls growth of the upper jaw (Marcucio et al. 2005). Hu and Marcucio (2009) 

demonstrate empirically that spatial organization of the FEZ regulates morphological 

variation in the developing upper jaw. The methods of this paper let us uncover quantitative 

relationships between the morphology of Shh mRNA expression in the FEZ and embryonic 

facial shape.

Quantification of shape variation in gene expression domains poses particularly challenging 

problems, as these domains typically have no clearly defined forms, often appearing 

seemingly amorphous, as illustrated in Figs. 1C and 1D. In particular, 3D morphometrics 

based on landmarks (Kendall 1984; Kendall et al. 1999) is not easily applicable to this 

problem, severely limiting the effectiveness of some existing methods of statistical shape 

analysis (Le and Kendall 1993; Dryden and Mardia 1998). Another layer of difficulty is 

related to image acquisition. The geometric 3D meshes representing gene expression 

domains tend to be noisy and contain multiple local topological and geometrical defects 

such as holes and irregularities that are not really present in the tissues. For these reasons, 

our approach has two key components:

(i) A Shape Regularization Technique

The FEZ is a thin, surface-like structure. A difficulty in fitting a smooth surface model to a 

3D FEZ image is that FEZes among organisms lack homologous landmarks. If landmarks 

were available, we could construct a smooth template and morph the template to fit the 

image using the landmarks as guides. Dense template morphing can be done with such 
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techniques as thin-plate spline (TPS) interpolation (Duchon 1977; Meinguet 1979). Section 

2 describes a method that combines TPS interpolation with probability density estimation to 

bypass landmarks and obtain smooth FEZ models that remove noise and enhance shape.

(ii) FEZ Topography Vectors

Lack of well-defined form makes it difficult to develop statistical FEZ shape models using 

standard techniques. To obtain an informative model of shape variation, we exploit the 

relative position of the FEZ as a structure embedded in the embryonic face. Thus, implicit in 

our approach is the homology of the position of the FEZ as a whole in the embryonic face, 

despite the fact that FEZes lack local homologies. We introduce FEZ topography vectors 

that let us construct effective shape summaries that retain the most salient morphological 

features and filter out confounding details. A topography vector essentially describes how 

the FEZ width varies across its extension. The choice of these particular shape signatures 

was largely determined by the specific FEZ analysis problem at hand.

Using optical projection tomography scans of 17 specimens (7 chickens and 10 ducks), the 

shape regularization method and FEZ topography vectors, we show that there is a strong 

linear association between particular characteristics of FEZ morphology and embryonic 

craniofacial shape. Variation in craniofacial shape is quantified using geometric 

morphometrics based on 67 landmarks, covering the face, mouth, eyes, and forebrain. The 

landmarks are depicted in Figs. 1A and 1B. Analysis of Shh expression in the FEZ guided 

the development of the landmark-free morphometric technique, but the method should be 

useful in other settings, particularly in the analysis of smooth structures devoid of landmarks 

and well-defined form. This is discussed further in Section 4.

2 Methods

2.1 In Situ Hybridization and Optical Projection Tomography (OPT) Imaging

Shh expression in the avian embryos was detected by standard in situ hybridization resulting 

in the domain of interest being stained dark blue (Hu et al. 2015; Chong et al. 2012). 3D data 

of both this domain, as well as exterior surface of the avian embryo were acquired on 

Bioptonics 3000 OPT system (Sky Scan, Germany). OPT has the advantage over more 

conventional imaging methods that it can generate 3D surface data of 1-3 cm3 objects as 

well as detect colorimetric or fluorescent signals. It therefore, allows the correlation of 

multiple data types (Quintana and Sharpe 2011; Sharpe 2002). Embryos were imaged on the 

OPT system as previously published (Quintana and Sharpe 2011). Briefly, embryos were 

embedded in 1% low melt agarose (Invitrogen), which was then cut into a hexagonal block, 

mounted onto a magnetic chuck dehydrated for 48 hours in methanol and cleared in BABB 

(2 parts Benzyl Benzoate: 1 part Benzyl Alcohol). Embryos were imaged in the UV range 

on the GFP channel (~480 nm) and in the visual light range. The NRecon software package 

(SkyScan, Germany) was used to align the stacks and reconstruct the images. Image stacks 

were imported into Amira (Version 5.0, FEI, Hillsboro OR, USA) for landmark placement 

and segmenting of the Shh FEZ domain. Sixty-seven landmarks were registered on each 

embryo, as shown in Figs. 1A and 1B.
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2.2 Quantitative Methods

In this section we develop (i) a shape regularization technique that is used to construct 

smooth surface models of Shh expression domains in the FEZ and (ii) FEZ topography 

vectors that capture the most salient morphological characteristics of Shh expression and yet 

are robust to uninformative details. Henceforth, we refer to an expression domain in the FEZ 

simply as FEZ.

2.2.1 Shape Regularization—As illustrated in Figs. 1C and 1D, FEZ data acquired 

through 3D imaging are very irregular with numerous artifacts, whereas the FEZ itself 

resembles a smooth surface. To remove these irregularities and make the meshes more 

tractable, we build smooth surface models from imaging data. We approximate a FEZ mesh 

K by the graph of a smooth function f defined over a (bounded) plane region D with smooth 

boundary, as indicated in Fig. 2A. We begin with the construction of a plane P that contains 

D and then proceed to the estimation of D and construction of f.

Viewing the vertices v1, ..., vn of the mesh K as n data points in 3D space, we use principal 

component analysis (PCA) to construct a plane P parallel to the first two principal 

directions, as indicated in Fig. 2A. The usual practice is to choose P containing the mean v̄ = 

(v1 + ... + vn)/n, but for the present purposes the plane may be translated off the mean. This 

is done primarily to facilitate visualization. We use PCA because the first two principal 

directions define a suitable basis plane for the function f. Orthogonal projection of v1, ..., vn 

onto P gives a point cloud p1, ..., pn that delineates a region D in the plane P, as shown in 

Fig. 2A. We now describe a procedure to estimate the domain D from these points.

We model the distribution of the projected points by the Gaussian density estimator 

(Rosenbaltt 1956; Parzen 1962)

ϕ is the uniform mixture of isotropic Gaussians of width σ centered at the points pi. For a 

discussion of selection of the bandwidth parameter σ, one may consult, for example, 

(Silverman 1998). A key observation is that ϕ is large within the domain D relative to the 

values it attains outside D because only the interior of D is well populated by (projected) 

data points. Thus, the contour ∂D of the region D comprises points where a transition occurs. 

This suggests that we estimate ∂D as an isocontour of ϕ; that is, D = {p ∈ P:ϕ(p) = ε}, 

where ε > 0 is a fixed small value learned from data. If the isocontour has multiple 

components, we take the component that encloses the most points since holes or outliers 

produce the small components. Fig. 2B shows an example of a contour obtained with this 

technique.

The final step in the mesh regularization process is the construction of a smooth function f 

on the domain D whose graph interpolates the points v1, ..., vn. We introduce a coordinate 

system, where becomes P the x − y plane and the z− axis is orthogonal to P, as indicated in 

Fig. 2A. Let vi = (ai, bi, ci) be the coordinates of the vertex vi, so that the (x, y) − coordinates 
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of its projection pi are (ai, bi). The goal is to construct a smooth function f(x, y) such that 

f(ai, bi ≈ ci) , which ensures that the graph of f smoothly interpolates the data points. We use 

thin-plate spline (TPS) interpolation to construct such a function. TPS interpolation is a 

technique widely used in data analysis, including geometric morphometrics (Bookstein 

1996). In simple terms, a TPS interpolation balances out minimization of the average 

residual  and the smoothness of f. One may consult (Wahba 1990) for 

further details. The TPS interpolant f is defined over the entire plane P, but the part of the 

graph over the domain D gives the desired smooth FEZ model. Next, we describe a method 

to discretize the smooth surface model, as discrete representations will be useful for 

algorithmic analyses of the FEZ. We use the Delaunay triangulation (Guibas and Stolfi 

1985; Fortune 1987) τ of the bounded region D associated with the points p1, ..., pn . We 

map the vertices of τ to 3D space via the TPS interpolant f, maintaining the mesh structure 

of τ. Fig. 2C shows a discrete FEZ model constructed with this method.

2.2.2 FEZ Topography Vectors—We develop a quantitative representation, termed FEZ 

topography vector, which summarizes the most salient morphological properties of the FEZ 

and to a large extent is blind to confounding details. This yields a representation that is 

robust to the large variability observed in local and regional FEZ morphology. Although the 

lack of homologous landmarks makes it difficult to find point correspondences between FEZ 

meshes for different specimens, a relaxed notion of shape correspondence that exploits the 

position of the FEZ in the embryonic head is implicit in topography vectors. In spite of 

lacking specific local homologies, we assume the homology of the relative position of the 

FEZ as a whole structure embedded in the embryonic head.

Using 67 landmarks, depicted in Figs. 1A and 1B, covering the face, mouth, eyes, and 

forebrain, we normalize centroid size and employ Procrustes superimposition to standardize 

position and spatial orientation of an embryonic head by aligning it to a template. In 

particular, this fixes a scale and orientation for the FEZ. We construct a sagittal plane, as 

shown in Fig. 3A, and use parallel translates of this plane to slice up the FEZ along a series 

of curves. These curves carry rich information about the structure of the FEZ surface, cf. 

(Mio et al, 2007), and are used in the construction of the FEZ topography vector. To 

estimate the sagittal plane, we exploit the following facts: (i) the head landmarks are nearly 

symmetrical about the sagittal section and (ii) the dominant spatial spread of the head 

landmarks occurs in a direction perpendicular to the sagittal plane. Thus, PCA on the 

landmarks gives a simple way of estimating the sagittal plane as the plane through the 

centroid of the landmarks that is parallel to the second and third principal directions since 

we expect the first principal direction to be orthogonal to the sagittal plane. Sweeping the 

FEZ from left to right with parallel translates of the sagittal plane yields a continuous family 

of sections of the FEZ by spatial curves, as illustrated in Figs. 3B and 3C. As the shape of 

these spatial curves is still sensitive to the high variability of the FEZ across specimens, we 

only use their lengths to describe FEZ morphology. (This simplification is mainly based on 

this particular use of the smooth FEZ model and the correlations that will result between 

FEZ morphology and head shape.) In this manner, we obtain FEZ shape descriptors that 

may be viewed as encoding how the topography of the FEZ varies as we sweep it from left 

to right. As the variation of the length of the sagittal sections is gradual, in practice, it 
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suffices to consider a discrete, sparse family comprising k (equally spaced) sections across 

the width of the FEZ. Denoting the length of the th section by hi, FEZ shape is summarized 

in a FEZ topography vector h, the k – dimensional vector whose coordinates are hi, 1 ≤ i ≤ k.

3 Correlations between FEZ Morphology and Craniofacial Shape

We employed FEZ regularization and topography vectors to model variation in FEZ 

morphology and to study correlations with embryonic craniofacial shape. The analysis was 

based on optical projection tomography scans of the embryonic heads of 7 chickens and 10 

ducks. FEZ meshes were smoothed with the regularization technique of Section 2.2.1 and 

FEZ shape variation was quantified using topography vectors. Head shape variation was 

modeled with standard techniques of geometric morphometrics using sixty-seven manually 

placed landmarks described above.

As topographical variation across a smooth FEZ model is gradual, the lengths of the sagittal 

sections exhibit multiple correlations. Thus, it is natural to expect that a rather low-

dimensional topography vector (k small) should suffice for encoding topographical variation 

across the FEZ. We employed topography vectors of dimension k = 8 because our 

experiments with different values of k indicated that little additional information about 

relationships between FEZ morphology and embryonic head shape is revealed with denser 

samplings. The method used is described in more detail below. Figs. 3B and 3C show 

examples of FEZ sections used in the construction of topography vectors for a chicken and a 

duck.

Principal component analysis showed that PC1 and PC2 explain 81% and 11%, respectively, 

of FEZ topographical variation. Fig. 4A shows a plot of the PC scores and indicates that 

they discriminate chickens from ducks sharply. An examination of the PC loadings revealed 

that PC1 is primarily about FEZ width at its center and PC2 about width gradient from the 

center to the left and right ends. To quantify variation in head shape, we standardized 

centroid size and used Procrustes superimposition to spatially align all head meshes to the 

mean head of the entire group. The mean was calculated with a fast converging fixed-point 

algorithm developed by Liu et al. (2008). PC1-PC6 explained approximately 78% of the 

shape variation and the individual PCs explained 35%, 17%, 11%, 6%, 5% and 4% of the 

variation, respectively. Fig. 4B shows a plot of the first two PC scores for head shape. PC1 

sharply discriminates chickens from ducks and reflects the fact that embryonic duck faces 

are deeper and narrower than chicken faces.

To explore relationships between FEZ morphology and embryonic facial shape, we used 

canonical correlation analysis (CCA) (Hotelling 1936; Krzanowski 1988; Seber 1984) on the 

FEZ morphospace determined by the first two PC scores and head shape space determined 

by the first six PC scores. CCA uncovers a pair of directions and in the FEZ and head 

morphospaces, respectively, such that the data projected onto these axes have maximal 

correlation coefficient. CCA produced a pair of axes along which the correlation coefficient 

is ρ = 0.96 at high statistical significance. Under the null hypothesis that the projected data 

are uncorrelated, a permutation test yielded a p-value < 10−5 . Fig. 4C shows a plot of the 

scores along these axes, the regression line of head shape over FEZ topography, as well as 
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illustrations of shape variation along these directions. The sets of eight bars, across the top 

of Fig. 4C, give a schematic illustration of the variation of the FEZ topography vectors. The 

length of each bar corresponds to an entry of the topography vector. The first canonical 

direction in the FEZ morphospace nearly coincides with the anti-diagonal direction in the 

PC1-PC2 plane, whereas the axis in the head morphospace captures primarily the fact that 

the heads of ducks are narrower and deeper than the heads of chickens. This suggests that 

the correlation between FEZ morphology and head shape involves complex cranial features 

and is not dominated by landmarks surrounding the FEZ. To produce further quantitative 

evidence for this, we repeated the experiment replacing the original 67 head landmarks with 

a subset of 20 randomly selected landmarks. The average correlation coefficient over 100 

such experiments was 0.95, strongly indicating that the method uncovered head shape 

features that are highly correlated to FEZ morphology and are not localized to a region near 

the FEZ. It is also worth noting that the scores of the data along the first pair of canonical 

directions sharply discriminate chickens from ducks. For the second pair of canonical 

directions, the correlation coefficient dropped to ρ = 0.5, revealing no additional statistically 

significant correlations between FEZ topography and head shape.

4 Discussion

Understanding how genetic variation acts through developmental processes to produce the 

amazing variation in complex morphologies in nature both within and among species 

remains one of the greatest and most difficult challenges in modern biology. Addressing this 

challenge will require both conceptual and methodological advances that result in coherent 

and quantitative explanations of relationships among events across the genotype-phenotype 

map (Hallgrimsson and Hall 2011). This paper presents one such methodological advance – 

the quantification of the morphology of gene expression domains and its relationship to 

phenotypic variation. We show how the combination of optical projection tomography, 

geometric morphometrics and landmark-free shape analysis can result in coherent 

quantification of the relationship between gene expression and the morphology of the 

structure influenced by that gene expression. The landmark-free approach quantifies 

variation in shape of seemingly amorphous gene expression domains, enhancing their most 

salient morphological characteristics and being robust to uninformative local shape variation 

and artifacts associated with image acquisition. A key strength of the method stems from the 

fact that it is difficult, if not impossible, to quantify such variation with the usual methods of 

geometric morphometrics because gene expression domains typically lack homologous 

landmarks and well-defined forms.

We modeled variation in the morphology of Sonic hedgehog expression in the FEZ of 

embryonic chickens and ducks and uncovered relationships between morphology of Shh 

expression and craniofacial shape. The FEZ is a signaling center located within the single 

layer sheet of epithelium that comprises the surface cephalic ectoderm. Shh is an important 

mediator of FEZ activity (Marcucio et al, 2011), but how the shape of the Shh expression 

domain affects morphogenesis is largely unknown. While slight variations in Shh expression 

levels may exist within individual epithelial cells, the net effect of FEZ function results from 

activation of the Hh pathway in the adjacent mesenchymal cells. Hence, the shape of the Shh 

expression domain appears directly related to the mesenchyme that is affected by FEZ 
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activity. Differences in intensity of Shh expression in the epithelium should be averaged as 

the FEZ signals to the adjacent tissues. A key next step in our work is to develop methods to 

quantify the shape of the responding mesenchymal cells. However, this is more difficult than 

quantifying the shape of the FEZ, because the FEZ is a sheet of epithelium and can be 

modeled as a surface rather than a 3-dimensional object required of the mesenchymal 

tissues. Our model revealed axes in Shh expression and craniofacial morphospaces along 

which variation exhibits a strong linear relationship at high statistical significance. Although 

this paper only illustrates the method, we believe that it has tremendous potential for 

advancing quantitative integration across the genotype-phenotype map for complex 

morphologies. The method should be particularly useful in quantitative analyses of 3D 

smooth, surface-like structures that have ill-defined shape. A potential limitation of the 

method is that shape signatures such as FEZ topography vectors derived from the method 

overlook local shape emphasizing morphological properties that are observable at larger 

scales. On the other hand, this is precisely what enables the method to reveal important 

patterns of morphological variation even in the presence of localized unstructured variation.

Shape regularization, as presented in this paper, should be useful in a broad variety of 

applications, as it can be used for fitting smooth surface models to noisy points clouds 

provided that the surface can be represented as the graph of a smooth function over a 

bounded domain contained in a plane. However, variants may be developed for fitting a 

more complex surface, such as the contour of a solid in 3D space, provided that it can be 

represented as a smooth section of the normal bundle of a given compact, smooth surface 

embedded in 3D space such as a sphere. In contrast, the use of topography vectors is more 

specific to the present application to FEZ and craniofacial shape analysis. Other 

morphological signatures of the fitted surfaces may be used for shape analysis with the 

choice depending on the application.

5 Software Accessibility

Matlab code for the shape regularization method developed in this paper is available for free 

use at https://github.com/qx0731/Mesh-Regularization-/

Acknowledgements

We acknowledge funding from the National Science Foundation grant DBI-1052942 (WM) and National Institutes 
of Health grants 3R01DE021708 (BH, RSM and WM) and F32DE02214 (RMG). We thank the anonymous 
reviewers for their comments.

References

Bookstein, FL. Morphometric tools for landmark data: geometry and biology. Cambridge University 
Press; Cambridge, MA: 1996. 

Chong H, Young N, et al. Signaling by SHH rescues facial defects following blockade in the brain. 
Dev Dyn. 2012; 241:247–256. [PubMed: 22275045] 

Dryden, I.; Mardia, K. Statistical shape analysis. Cambridge University Press; Cambridge, MA: 1998. 

Duchon J. Splines minimizing rotation-invariant semi-norms in Sobolev spaces. Constructive Theory 
of Functions of Several Variables. 1977:85–100.

Fisher ME, Clelland AK, et al. Integrating technologies for comparing 3D gene expression domains in 
the developing chick limb. Dev Biol. 2008; 317:13–23. [PubMed: 18355805] 

Xu et al. Page 8

Evol Biol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://https://github.com/qx0731/Mesh-Regularization-/


Fortune S. A sweepline algorithm for Voronoi diagrams. SCG '86 Proceedings of the second annual 
symposium on Computational geometry. 1987:313–322.

Fowlkes C, Hendriks C, et al. A quantitative spatiotemporal atlas of gene expression in the Drosophila 
blastoderm. Cell. 2008; 133:364–374. [PubMed: 18423206] 

Guibas L, Stolfi J. Primitives for the manipulation of general subdivisions and the computation of 
Voronoi diagrams. ACM Transactions on Graphics (TOG). 1985:74–123.

Hallgrimsson, B.; Hall, BK. Epigenetics: linking genotype and phenotype in development and 
evolution. University of California Press; Oakland, CA: 2011. 

Hallgrimsson B, Jamniczky H, et al. Deciphering the palimpsest: studying the relationship between 
morphological integration and phenotypic covariation. Evolutionary biology. 2009; 36:355–376. 
[PubMed: 23293400] 

Hendrikse JL, Parsons TE, Hallgrimsson B. Evolvability as the proper focus of evolutionary 
developmental biology. Evolution & Development. 2007; 9:393–401. [PubMed: 17651363] 

Hotelling H. Relations between two sets of variates. Biometrika. 1936; 28:321–377.

Houle D, Govindaraju DR, Omholt S. Phenomics: the next challenge. Nature Reviews Genetics. 2010; 
11:855–866.

Hu D, Marcucio RS, Helms JA. A zone of frontonasal ectoderm regulates patterning and growth in the 
face. Development. 2003; 130:1749–1758. [PubMed: 12642481] 

Hu D, Marcucio RS. A SHH-responsive signaling center in the forebrain regulates craniofacial 
morphogenesis via the facial ectoderm. Development. 2009; 136:107–116. [PubMed: 19036802] 

Hu D, Young N. Signals from the brain induce variation in avian facial shape. 2015 Submitted for 
publication. 

Kendall, DG.; Barden, D.; Carne, TK.; Le, H. Shape and shape theory. Wiley; Chichester, New York: 
1999. 

Kendall DL. Shape manifolds, procrustean metrics and complex projective spaces. Bull. London Math. 
Soc. 1984; 16:81–121.

Krzanowski, WJ. Principles of multivariate analysis: a user's perspective. Oxford University Press; 
New York, NY: 1984. 

Kudoh T, Tsang M, et al. Gene expression screen in zebrafish embryogenesis. Genome Res. 2001; 
11:1979–1987. [PubMed: 11731487] 

Le H, Kendall DL. The Riemannian structure of Euclidean shape spaces: a novel environment for 
statistics. Annals of statistics. 1993; 21:1225–1271.

Lein ES, Hawrylycz MJ, et al. Genome-wide atlas of gene expression in the adult mouse brain. Nature. 
2007; 445:168–176. [PubMed: 17151600] 

Liu, X.; Mio, W., et al. Medical Image Computing and Computer-Assisted Intervention — MICCAI 
2008. Springer; New York, NY: 2008. Models of normal variation and local contrasts in 
hippocampal anatomy.. 

Marcucio RS, Cordero D, Helms JA. Molecular interactions coordinating development of the forebrain 
and face. Dev. Biol. 2005; 284:48–61. [PubMed: 15979605] 

Marcucio RS, Young NM, Hu D, Hallgrimsson B. Mechanisms that underlie co-variation of the brain 
and face. Genesis. 2011; 49:177–189. [PubMed: 21381182] 

Meinguet J. Multivariate interpolation at arbitrary points made simple. Appl. Math. Phys. 1979; 
30:292–304.

Mio W, Bowers JC, Hurdal MK, Liu X. Modeling brain anatomy with 3D arrangements of curves. 
International Conference on Computer Vision — ICCV. 2007; 2007:1–8.

Myasnikova E, Samsonova A, et al. Registration of the expression patterns of Drosophila segmentation 
genes by two independent methods. Bioinformatics. 2001; 17:3–12. [PubMed: 11222257] 

Parzen E. On estimation of a probability density function and mode. The Annals of Mathematical 
Statistics. 1962; 33:1065–1076.

Quintana L, Sharpe J. Optical projection tomography of vertebrate embryo development. Cold Spring 
Harb Protoc. 2011:586–594. doi: 10.1101/pdb.top116. [PubMed: 21632785] 

Rosenbaltt M. Remarks on some nonparametric estimates of a density function. The Annals of 
Mathematical Statistics. 1956; 27:832–837.

Xu et al. Page 9

Evol Biol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Seber, G. Multivariate observations. John Wiley and Sons, Inc.; Hoboken, NJ: 1984. 

Sharpe J. Optical projection tomography as a tool for 3D microscopy and gene expression studies. 
Science. 2002; 296:541–545. [PubMed: 11964482] 

Silverman, BW. Density estimation for statistics and data analysis. Chapman Hall/CRC; London: 
1998. 

Tassy O, Dauga D, et al. The ANISEED database: digital representation, formalization, and 
elucidation of a chordate developmental program. Genome Res. 2010; 20:1459–1468. [PubMed: 
20647237] 

Visel A, Thaller C, Eichele G. GenePaint.org: an atlas of gene expression patterns in the mouse 
embryo. Nucleic Acids Res. 2004; 32:552–556.

Wagner P, Ruta M, Coates M. Evolutionary patterns in early tetrapods. II. Differing constraints on 
available character space among clades. Proc. R. Soc. London Ser. B. 2006; 273:2107–2011.

Wahba, G. Spline models for observational data. Society for Industrial and Applied Mathematics; 
Philadelphia, PA: 1997. 

Wong F, Welten M, et al. eChickAtlas: an introduction to the database. Genesis. 2013; 51:365–371. 
[PubMed: 23355415] 

Young NM, Chong HJ, et al. Quantitative analyses link modulation of sonic hedgehog signaling to 
continuous variation in facial growth and shape. Development. 2010; 137:3405–3409. [PubMed: 
20826528] 

Xu et al. Page 10

Evol Biol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Frontal and side views of 67 landmarks on the embryonic head of (A) a chicken and (B) a 

duck, covering the face, mouth, eyes, and forebrain; embryonic head and close-up view of 

the Shh expression domain in the FEZ of (C) a chicken and (D) a duck.
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Fig. 2. 
FEZ regularization process: (A) original FEZ mesh K and projection onto a plane P based on 

the first two PC scores that delineate a region D in P; (B) estimation of the interpolation 

domain D whose bounday ∂Dis highlighted in red; (C) regularized FEZ.
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Fig. 3. 
Sectioning the FEZ: (A) sagittal section of an embryonic head; (B) and (C) FEZ sections 

(black curves) by translates of the sagittal plane.
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Fig. 4. 
(A) Plot of PC1 and PC2 scores for FEZ topography that clearly separate chickens (red) 

from ducks (green). (B) PC1 and PC2 scores for head shape, with PC1 explaining 35% of 

the total shape variation and sharply discriminating chickens from ducks. (C) First pair of 

canonical directions in the FEZ and head morphospaces. The plot shows a clear separation 

of chickens from ducks, as well as a strong correlation (ρ = 0.96) between FEZ morphology 

and head shape. The plot includes a schematic illustration of the variation of the FEZ 

topography vectors and 3D head shape changes along the first pair of canonical directions.
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