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Abstract. Early fruit fly embryo development begins with the formation of a
chemical blueprint that guides cellular movements and the development of or-
gans and tissues. This blueprint sets the intrinsic spatial coordinates of the emb-
ryo. The coordinates are curvilinear from the start, becoming more curvilinear
as cells start coherent movements several hours into development. This dynam-
ic aspect of the curvature is an important characteristic of early embryogenesis:
characterizing it is crucial for quantitative analysis and dynamic modeling of
development. This presents a number of methodological problems for the elas-
tic deformation of 3D and 4D data from confocal microscopy, to standardize
images and follow temporal changes. The parameter searches for these
deformations present hard optimization problems. Here we describe our evolu-
tionary computation approaches to these problems. We outline some of the im-
mediate applications of these techniques to crucial problems in Drosophila
developmental biology.

1 Introduction

The completion of many genomic projects in the last decade has given rise to a new
scientific objective, that of functional genomics - the next step towards the ultimate
goal of a detailed understanding of how genome works [1].One of the critical ques-
tions in development is how the correct set of genes is expressed in each cell in order
to form differentiated tissues. Research in Drosophila is reaching a stage where the
expression of multiple genes can be followed dynamically in early embryogenesis at
single cell resolution, in order to begin to understand the regulation underlying spatial
patterning [2,3]. For instance, the BDTNP project [2] has currently mapped the ex-
pression of about 100 genes in each of about six thousand nuclei in early stage em-
bryos; but these are initial steps of a very challenging project to trace as many related
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genes in individual development as possible, for as long and in as much detail as
possible.

In Drosophila, the impressive experimental progress comes with unique data chal-
lenges. For instance, major challenges arise in mapping gene expression in early Dro-
sophila development. The information comes from confocal microscopy scans [4],
which present unique challenges for preprocessing, processing and analyzing sets and
stacks of images. In this publication we will concentrate on computationally hard
optimization problems in multidimensional confocal imaging of Drosophila embryos.

Data from large numbers of embryos must be combined to create data atlases from
multiple genes and at multiple stages of development. Single embryos (fixed &
stained) can be imaged for a few (usually three) segmentation genes. Therefore, data
sets integrated from multiple embryos, stained for the variety of segmentation genes
and over the entire patterning period, are necessary for gaining a complete picture of
developmental dynamics. Images from individual embryos must be standardized to
create such integrated data sets. Numerous sources of variability between images
present challenges for data processing. These sources are both experimental and in-
trinsic to the biochemistry and biophysics of the developing embryos. Processing
techniques which can separate experimental sources of variability allow for quantita-
tion of the biological variability between embryos.

The standardization of multiple images is in essence a transformation of diverse
sets of data into a single coordinate system; it is a general problem in medical and
biological imaging. In Drosophila, major challenges arise from the different shapes
and sizes of embryos, and the intrinsic curvilinearity of the chemical gradients speci-
fying cell type. Intrinsic biological variability affects these factors, as do experimental
treatments for data acquisition.

Standardization problems for Drosophila embryo images have been approached for
1D (gene expression profiles [5, 6, 7]), 2D (expression surfaces [8, 9]), and even 3D
data [2, 10]. These approaches have involved elastic (or non-rigid) deformation of
images to a single coordinate system [5, 6], which involve heavy use of computational
resources. 3D views of the data are impressive and informative, but many statistical
analyses and modeling projects are done in 1D or 2D; methods for reducing dimen-
sionality are needed for data validation of such theoretical projects, and elastic defor-
mation can also be used for this.

We have developed a type of elastic deformation for Drosophila analysis, follow-
ing biometric coordinate transformations [5,6,11,12] first pioneered by D'Arcy
Thompson [13], and used this for systematic studies of within- and between-embryo
noise in 1D and 2D gene expression data [6, 14]. The approach has been adopted
more recently by other teams [15, 16, 17].

In recent years, more and more laboratories are studying large sets of confocal im-
ages of early Drosophila embryos. Web bases include: FlyEx [18], which we have
been involved with; the large-scale 3D BDTNP project (BID) [2]; and FlyFISH [19].
Similar datasets are under study in other labs [20,21,22,23,24]. All workers in this
area face image processing challenges in extracting reliable information from confoc-
al data. In this communication, we discuss the challenges presented in these types of
datasets, present our approach to some of these fundamental problems, and report on
new techniques we are developing, especially for application to new methods of data
acquisition and to optimize processing.
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2 Data and Nature of the Problems

In the first 4 hours of development, the major axes of the Drosophila embryo are
established by gradients of gene expression products specifying particular cell fates in
precise locations. The major, anterior-posterior (AP), axis is established by the seg-
mentation network, a set of some 15-20 genes that establishes the striped patterns of
gene expression which precede the anatomical appearance of the segmented body
plan. This system has been intensively studied as a model for the functional genomics
of spatial patterning [25, 26]. Figure 1 shows these striped (‘pair-rule’ gene) patterns.
There are also chemical patterning gradients in the dorsal-ventral (DV) axis, ortho-
gonal to the AP system. The intersection of these two systems establishes a coordinate
system for the early embryo. Numerous cell types and structures have been shown to
differentiate at particular intersection values of the AP and DV axes, for instance: the
salivary glands, localized AP by a narrow band of scr gene expression and DV by the
dpp gene [27]; neural cells differentiating at the intersection of achaete-scute gene
patterns [28]; or structures developed at the intersection of wg and sog expression.
These positions can be manipulated experimentally, such as by mutation. This intrin-
sic coordinate system is curvilinear, as seen by the bending of stripes in Fig. 1. The
patterns become more curved with time. While patterning can be described in these
intrinsic coordinates, standardization of images and subsequent analysis is aided by
use of standardized coordinate systems, such as confocal elliptical or Cartesian. This
communication presents techniques for transforming the embryo’s intrinsic coordi-
nates into a standard one.

2.1  Flattened vs. Intact Embryos

The quantitative data on segmentation genes are generally of two types, each present-
ing challenges to data analysis. These are 1) from confocal scans of flattened em-
bryos, squeezed under a cover glass (Fig. 1A), and 2) from complete 3D scanning of
physically intact embryos [29] (See Fig. 2). Gene expression datasets on flattened
embryos are available on the FlyEx (protein) and FIyFISH (mRNA) web bases [30,
31]. (Data is more frequently taken in this way, and newer published data is also
available from authors upon request.) 3D reconstructions of intact embryos are avail-
able on the BDTNP web base [32, 33].

These two approaches each have their advantages and disadvantages. Scanning of
flattened embryos allows for a single focal plane, and is the most common, used in
such databases as FlyEx. There are a number of methodological pitfalls with this ap-
proach, however, which must be addressed in the processing of such data. The chief
problem is from the nearly arbitrary orientation of embryos under the cover glass. As
an analogy, the problem is similar to placing a bunch of soft toy Rugby balls on a
table and pressing them down with a sheet of glass. The lacing on the balls is analog-
ous to the pair-rule stripes on the embryo. Not only will the laces curve as pressure is
applied, different balls will have their laces oriented in different directions. This
squeezing problem does not apply to intact embryo 3D reconstructions, so compari-
son of flattened 2D to intact 3D datasets first requires correction of the effects of the
cover glass.
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Datasets taken by each method offer different information - e.g. FIyEx has protein
data and BDTNP has mRNA data — so it is desirable to be able to map between the
flattened and intact data. In addition to correcting for the effects of flattening, this
requires finding common landmarks (or ground control points), with the following
challenges: 1) for flattened embryos we can observe slightly less than half of the nuc-
lei (half of the cylindrical unwrapping; cf Fig. 1A & B); 2) if we superpose a flattened
scan on the cylindrical projection of an intact embryo, the exact position of one image
against another will be to some degree arbitrary.

An evident landmark in the 3D images is the dorsal axis of symmetry (see Fig. 1),
where the stripes are closest to one another and locally perpendicular to the line of
symmetry. The position of this line can be estimated in some 2D images (such as Fig.
1A), aiding alignment, but this is not a general property for all images. Adding to the
alignment challenge is the curvature of the stripes. Part of this curvature is due to the
intrinsic biological coordinates. But flattened images have an additional (and poorly
controlled) curvature imposed from the experimental method.

2.2 Coordinate Transformation

Accounting for experimental effects on pattern and the steps to standardize the intrin-
sic curvilinear coordinates of embryos can be seen as problems in coordinate trans-
formation. Correcting for experimentally-induced curvature (from embryo flattening)
is a first step in data processing. Since intrinsic curvature varies between embryos,
this too must be corrected to standardize multiple images. One approach to this stan-
dardization is to transform the curvilinear coordinates into a rectilinear Cartesian sys-
tem. In one of the first works to investigate elastic coordinate transformations with
respect to body plans, D’Arcy Thompson [13] made a classic deformation from a
sunfish in curvilinear coordinates to a puffer fish in Cartesian coordinates. A similar
transformation applies to the problem of standardization via stripe straightening in
Drosophila. Tt took some 60 years after Thompson’s graphical demonstrations for
techniques to be formalized so that such transformations could be automated: in the
‘bioorthogonal analysis' of Bookstein [34]; and in Siegel’s [35, 36] technique for
aligning and comparing homologous sets of landmark-coordinates. Morphometric
coordinate transformations have expanded greatly in 30 years [37], for instance being
applied in 2D structures such as insect wings [38]. We have developed a number of
techniques in this area for application to Drosophila image processing [5, 6, 11, 12].
Stripe straightening is a major tool for standardizing images, which can be followed
by registration of stripes for integrated data sets. Stripe-straightened data also pro-
vides dimensional reduction, producing data for verification of models and statistical
analyses focused on 1D AP patterning. In addition, we have used the approach to
standardize image intensity within and between images [7].

While stripe straightening focuses on the AP coordinate, there is also curvilinearity
in the DV direction, especially for ventral positions. (For the intrinsic coordinates, it
is known that DV morphogenetic gradients affect AP organization [see 39].) This
two-dimensional curvilinearity is illustrated in the right hand images of Fig. 2. This
secondary curvature can become a serious obstacle for automated data processing.
Again, this may reduce to a coordinate transformation problem, if the intrinsic AP and
DV curvature can be properly captured and transformed into a rectilinear system.
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Fig. 1. The challenge of finding landmarks to juxtapose patterns from flattened and intact em-
bryos. The two orthogonal axes of the striped pattern (red: y-axis along straightest stripe; ver-
tical displacement of x-axis chosen to be most orthogonal to other stripes) tend to be invariant
between the two approaches. (A) Image of flattened embryo with crescent-like stripes of ex-
pression of the pair-rule gene eve. (B) Unrolled (cylindrical projection) eve pattern for an intact
embryo (3D reconstruction), with the same two orthogonal axes.

Intrinsic curvature also increases during development, especially as cells begin to
move at the onset of the gastrulation stage. This change in geometry is important to
study in its own right, as well as needing quantification for standardization of confoc-
al data. The increasing curvature can be considered as an extension of the elastic de-
formation between Cartesian and curvilinear coordinates.

Computing such coordinate transformations is challenging: in addition to the wide
range of intrinsic biological, experimental, and instrumental/observational sources of
variability, there are no defined or standard reference solutions for such computations.
Evaluating pattern coincidence between pairs of embryos at single cell resolution (at a



Experimental Determination of Intrinsic Drosophila Embryo Coordinates 131

stage when embryos have ~6000 cells) can involve heavy, non-standard computation.
Such problems can be well suited to evolutionary optimization; we have tested and
developed a number of Genetic Algorithms (GA) approaches for this (see [5,6,11,12]
& next section).

3 Techniques

Our coordinate transformations are based on optimization of polynomial maps be-
tween coordinate systems.

3.1  Stripe Straightening

The stripe straightening procedure is a transformation of the AP (x) coordinate by a
polynomial of the form:

X" = Axy’ + Bx’y + Cxy’ + DxX’y*+... (1)

where x = w - w’ and y = -h - h°, and w and h are the initial spatial coordinates (AP
and DV, respectively). The y-coordinate remains the same, while the x-coordinate is
transformed as a function of both coordinates w and h (for details see [5, 6, 11, 12]).
The exact form of (1) must be determined (more below), and the parameters wO, hO, A,
B, C, D, etc. for each image must be found by an optimization technique. We tested a
number of methods: GA; simplex; and a hybrid of these [5, 6, 11, 12]. We found GA
to be the best for solving problems like (1) (especially for the multi-quadrant fitting
discussed below). For GA optimization, we subdivide the image into a series of longi-
tudinal strips. Each strip is subdivided into bins and the mean brightness (local fluo-
rescence level) is calculated for each bin. Each row of means gives a profile of local
brightness along each strip. A cost function is computed by pair-wise comparison of
all profiles, summing the squared differences between bins. The task of the GA pro-
cedure is to minimize the cost function. The smaller the summed differences between
strips, the closer the process is to the straightened endpoint. There is a possibility of
over-straightening: this can be compensated by applying a penalty to any solution
(parameter set) that moves more than one nucleus position past a predefined threshold
(having a defined endpoint of straightened stripes helps here), though the penalty can
influence search efficiency.

Intuitively, one can think of the straightening process as shrinking the image in
such a way that the farther a given nucleus is from the dorsal edge and horizontal
midpoint, the farther it must be moved towards the horizontal midpoint. More formal-
ly, we assume that the center of a pair-rule stripe follows a curve of constant AP
position. The origin of the image coordinate system is at the top left, with image
coordinates for width w increasing to the right and height h increasing down. To be-
gin determining the final (straightened) AP and DV coordinates, x* and y’ respective-
ly, we note that there is an AP position (near mid-embryo) at which one stripe is
vertical for its whole length. The center of this stripe defines x’=0 (the y’-axis). Each
pair-rule stripe other than the one at x’=0 is curved; we vertically shift the x’ axis so
that it intersects each of the stripes at the point where it is vertical. Because of the
vertical stripe: 1) the y- and y’-axes coincide; and 2) lines of y' = const are orthogonal



132 A.V. Spirov et al.

to the y- and y’-axes. The new coordinate system (x’,y’) has the same orientation and
w0, hO origin as the (x,y) system.

Analysis of the series has allowed us to eliminate all but three terms from the series
[5, 6], so now we write an initial model of image transformation as

x'=x+Axy’ + Bx’y + Cx’ 2

All of these terms have a clear interpretation. The xy? term is the main one: it
represents the quadratic DV curvature that increases with distance from the x-axis.
The x2y term gives the residual DV asymmetry and the x3 term gives the residual AP
asymmetry. Finally, expressing (2) in terms of w and h, gives

X =W +Aw-W) ) +Bw—n Y (=) +Qw-w)’ 3)

In tests with this initial model, however, we found that in more than half of the cases
it was insufficient for straightening stripes. Therefore, we expanded the model empir-
ically, adding 4th order terms.

For performance on confocal images, we found the best polynomial to be

A+Bxy+Cxy’+Dx’y+Ex’y*+Fx y+Gxy’ “)

We can understand some these additional fourth order terms as follows: Cx2y? is a
correction term for parabolic bending, while Dxy3 serves to correct DV asymmetry. In
general, the situation is typical of a polynomial approximation problem, where one
polynomial is best but many others are very good.

We have found some independence in the stripe curvature between head and tail
ends of the embryo, perhaps reflecting differences in underlying patterning mechan-
isms. This affects the straightening process, and we have found improved fitting by
independent elastic deformations on the head and tail halves of the image [5, 6]. Test
computations indicate independent deformation on the four quadrants of the image
may be best, to also account for DV dependencies in stripe curvature. A full optimiza-
tion can operate, therefore, on 3 quadrants times 7 parameters in eq. (4) for a total of
28 parameters (plus an evaluation of values w’, h°).

With sufficient data on DV patterning (currently only available on the BDTNP
Web base, [29]), we can also apply an elastic deformation to straighten in DV. We
have applied DV straightening after AP straightening, and found a third order poly-
nomial (Cf with (4)) gives good results:

X=h—H +Ah—1) WY +Bh—1 Y (w-w)+Qh—H) 5

(in terms of w and h). The DV procedure is generally less precise than for the seven-
striped AP patterns.

To summarize, stripe-straightening has a number of steps and challenges, includ-
ing: finding the exact form of the deformation polynomial; finding efficient optimiza-
tion algorithms for this task; limiting over-deformation; using multi-strip and
multi-sector (i.e. quadrant) optimization; and the complicated and variable 3D
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geometry, including the squeezing effects of flattened images, which can affect the
efficiency of the evolutionary computations.

3.2 Implementation

We have developed a set of computational tools to process 2D data for about ~3,000
(flattened) or ~6,000 nuclei (intact embryo). The tool uses ASCII files for individual
embryos in the format of the FlyEx Web base. We also developed a script to convert
PointCloud data files from the BDTNP Web base. The main function is the GA search
for parameters of the elastic deformation (stripe straightening). The software includes
a C++ version for Windows, a Delphi version (Windows), and a Free Pascal version
for Linux/Unix. For each input file the software produces two output files: one with
the straightened data (in the input data format); and one with the polynomial coeffi-
cients for the deformation. The software is available from the authors upon request.

4 Biologically Significant Results and Discussion

The spatial patterns we have presented here are created by genetic regulation, the
extremely complex and at best partially understood system of interactions between
gene products (and other factors). A number of theoretical models have been devel-
oped for the AP patterning system to characterize these interactions. Many of these
models are developed in 1D, so the dimensional reduction discussed above, with
stripe-straightening, serves as an important tool for data processing to validate mod-
els. The quantification of variability arising from the coordinate transformation also
sheds light on other biological questions. We present a few examples of the biological
application of our work here.

A fundamental question in development is how spatial expression patterns can de-
velop precisely and reliably, despite operating at low concentrations which are asso-
ciated with high noise. Many investigators are working on quantifying this intrinsic
biochemical noise, and studying how it is reduced in order to produce embryonic
patterns of the required precision.

The natural variability in stripe curvature between embryos also reflects variability
in developmental conditions. Two embryos of the same age class can show large qua-
litative differences in this respect. Fig. 2 shows the middle (fourth) eve stripe curving
to the right in one embryo and to the left in another. Quantification of curvature via
the stripe-straightening transformation can allow for a deeper investigation of these
effects; for instance studying the correlation between stripe bending and embryonic
geometry.

In addition to noise and variability in gene expression, there is significant variabili-
ty in cellular order. This variability increases as the embryo becomes cellularized and
begins the process of gastrulation. This variability is temporal (loss of synchrony) as
well as spatial [40]. Progress on the 2D transformation techniques will be especially
relevant for analyzing these phenomena.
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Fig. 2. Variability of intrinsic biological coordinates, as seen in eve patterns from two embryos.
The fourth stripe (red arrows) can be curved to the left (head end of embryo) or to the right (tail
end), red lines are drawn to show the stripe’s curvature (BID BDTNP [29] embryos). Le., the
straight stripe forming the y-axis of the coordinate transformations can vary — here we see it at
the 3™ stripe in one embryo and the 5" stripe in another.

Finally, the approach described with respect to Fig. 1, to transform between FlyEx
and BID BDTNP types of data, allows for a much richer combined dataset: FlyEx
contains chiefly protein data, while BID contains mRNA data. And while BDTNP has
intact embryos, best for studying geometric effects, the flattened embryos have more
accurate and sensitive detection of signal. The two approaches are complementary for
many problems, and coordinate transformation between them can be an important tool
for such investigations.

5 Challenges and New Developments

Our rotation & elastic deformation approach to 2D data: We are extending the ap-
proaches described above to use elastic deformation and rotation to fit 2D data of one
embryo to another (flattened embryo data or cylindrical projections of intact em-
bryos). A superposition of one embryo surface to another has several challenges.
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Embryos differ in: spatial dimension (either in physical, micrometer, units, or in bio-
logical ones of nuclei numbers); nuclear density or total amount of nuclei; and in
pattern features (a small but biologically significant factor). The procedure should be
able to match embryos by patterns alone, or by patterns and nuclear positions togeth-
er. There should also be freedom in choosing the spatial coordinates along which to
optimize matching. Three operations should be able to match an embryo pair: hori-
zontal and vertical shifting; rotation; and elastic deformation. These appear simple
enough, but the high variability of embryo geometry and expression patterns makes
the optimization tasks very hard. Some proportion of pairs will be very similar and
matching gene patterns will give nearly perfect matches of nuclear positions. The
larger proportion of pairs, however, even for coincident patterns, will not have coinci-
dent nuclei. This indicates deeper biological questions regarding the correlation be-
tween cell order and expression patterns, in addition to being a challenge to data
processing.

6 Conclusions

Drosophila confocal image banks are not the only resources to which the approaches
described here could be applied. Similar datasets exist for confocal scans of gene
expression in other model organisms [1, 10]. We hope that the transformation tech-
niques discussed here can also be applied to such cases.

Quantitative models of gene regulation are an integral part of understanding the
mechanisms underlying functional genomics. Drosophila currently offers the highest
resolution quantitative data available for validating models. This allows models to be
tested on: the reduction of molecular noise during gene expression; the effects of cell
movements and cell order on the developmental program; and the natural limits of
reproducibility for gene expression patterns between embryos (as well as the effects
of mutation on these limits). All of these efforts require the highest degree of quality
from complex data sets. The techniques presented here have been developed to solve
specific problems in the standardization and analysis of the biological data, so that
such theoretical approaches can be tested, deepening the understanding of how ge-
nomes function in the development of tissues, organs, and individuals.
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