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Abstract

The Berkeley Drosophila Transcription Network Project
is developing a suite of methods to convert volumetric data
generated by confocal fluorescence microscopy into numer-
ical, three dimensional representations of gene expression
at cellular resolution. One key difficulty is that fluorescence
microscopy can only capture expression levels for a few
gene products in a given animal. We report on a method for
registering 3D expression data from different Drosophila
embryos stained for overlapping subsets of gene products in
order to build a composite atlas, ultimately containing co-
expression information for thousands of genes. Our tech-
niques have also allowed the discovery of a complex pat-
tern of cell density across the blastula that changes over
time and may play a role in gastrulation.

1. Introduction

The output of animal gene transcription networks are
complex 3D patterns of expression. These dynamically
changing patterns can vary radically from one cell to the
next and it is these spatial variations that principally de-
fine and determine the morphology and physiology of the
animal. It is a grand challenge of biology to learn how
to decipher the transcriptional information in the genome
to the point where we can predict and model such intri-
cate patterns. Researchers typically analyze spatial patterns
of gene expression in multicellular organisms by visual in-
spection of photographic images of in situ hybridization ex-
periments. A profound limitation of this approach is that it
captures little 3D structure and provides only rough quan-
titative information. If we are to fully describe and under-
stand such systems, we first need a means to quantitatively
record, with cellular resolution, these phenomenally com-
plex expression patterns.

Our focus is on the network controlling early Drosophila
melanogaster embryogenesis prior to gastrulation. This
transcription network is initialized by the maternal depo-
sition of mRNAs and proteins from a handful of regulators
into the egg. Zygotic transcription begins two hours after
fertilization at which point the embryo is a syncytium with
around 2,000 nuclei located along the perimeter. Thirty or
so zygotic regulatory genes are transcribed initially, con-
trolled by the maternally deposited factors. The Berkeley
Drosophila Transcription Network Project [1] is focused on
understanding interactions among these transcriptional reg-
ulators and their ∼1,000 target genes during the first 100
minutes of zygotic transcription. The availability of a com-
plete genome sequence, powerful molecular and genetic
tools, and the fact that there are only tens of specific fac-
tors regulating the early spatial patterning of transcription
make Drosophila a desirable system for studying transcrip-
tion networks.

Laser scanning confocal microscopy is a key enabling
technology which allows us to measure the relative concen-
trations of gene products over a 3D volume. Using state
of the art 2-photon equipment it is possible to image the
entire Drosophila blastula with a resolution at which indi-
vidual nuclei are still distinguishable. While fluorescence
imagery is an incredibly rich source of data, it falls short of
our goals since it can only provide expression data for 2 or
3 gene products in a given animal.1 How can we capture
the expression levels of a thousand different genes over the
entire blastula at cellular resolution?

Our approach is to composite expression measurements
made from multiple images into a common model where
the spatial distribution of more than three gene products can
be studied simultaneously. The key step is identifying cor-
responding nuclei in two different embryos and then using
this correspondence to transfer the expression levels from

1When expression patterns are spatially disjoint, careful multiplexing
techniques have provided up to 10 channels [9, 8]
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one to the other. If the embryos were identical and imaged
in the exact same pose, finding correspondences would be
easy. Unfortunately this is not the case, as morphology, in-
cluding the number of cells, varies even between embryos at
the exact same developmental stage. In addition, the imag-
ing process introduces further complications in the form of
variability in the pose, staining, and deformation of the em-
bryo during fixation. Our contribution is a technique for
finding correspondence between embryos which is robust
to these modes of variation.

To our knowledge this three-dimensional registration
problem at cellular resolution has not been studied in the
past. The closest work to ours is that of [12] who use spline
and wavelet based registration techniques in 1D along the
anterior-posterior axis of the Drosophila embryo . More re-
cently they have considered a 2D version of the problem in
order to register the lateral surface of an embryo which has
been “flattened” before imaging [13].

2. Finding Correspondences

Figure 1 gives an overview of our technique. We stain
each embryo with a marker for DNA, a gene of interest, and
a common “reference gene” which guides the registration
process. Using the DNA marker, we segment out the lo-
cation of each nuclei and record its 3D location along with
expression levels in the surrounding cytoplasm [10]. Given
two such sets of extracted nuclei locations, we formulate
correspondence as an optimization problem whose solution
simultaneously yields a mapping between nuclei as well as
a smooth, non-linear spatial deformation that warps one em-
bryo onto the other.

Our approach to modeling shape variations falls into the
category of “deformable templates” (e.g. [5]). To register a
pair of embryos, we repeatedly alternate between two steps:

• Correspondence: For each nuclei in the first embryo,
locate the “best” corresponding nuclei in the second
embryo. This is formulated as a linear assignment
problem with outliers where the matching weight in-
cludes a distance term and an appearance term de-
pendent on the expression pattern. An efficient algo-
rithm [4] finds solutions for thousands of cells in a few
seconds

• Warping: Use the correspondences to estimate a co-
ordinate transformation that maps the first embryo to
the second. We perform warping using the regular-
ized thin-plate spline (TPS) which is a non-parametric
model for representing flexible, global coordinate
transformations [6, 11]. The thin plate spline is the
higher dimensional generalization of the cubic spline.
It has been shown effective for modeling variation in
biological forms [3] and can be easily fit by solving a
compact system of linear equations [14].

Figure 1. Data-flow: Imaging each embryo produces a
high-resolution volumetric image. Individual nuclei are
segmented out using a DNA stain. The result is a “point
cloud” containing the location of each nucleus and the
apical, basal and nuclear fluorescence levels of the two
other channels imaged, along with morphological mea-
surements such as the estimated nuclear and cellular
volumes [10]. From this data, we produce a geometric
model and extract features which capture the local pat-
tern of expression for a reference gene in the neighbor-
hood of each cell. These features along with the nuclei lo-
cations are then used in order to identify corresponding
cells and register the embryo onto a composite model.

After warping, the embryos are better aligned making it
easier to solve the correspondence problem, which im-
proves the estimate of the transformation, bettering the
alignment. . . and so on.

The typical problem encountered when applying de-
formable template methods is that of establishing the initial
correspondence between two embryos. The syncytial blas-
toderm has very little in the way of unique morphological
structures for identifying particular nuclei. Even using the
expression levels of one or two gene products at a point is
not sufficient. We overcome this problem by using a richer
spatial descriptor termed shape context (see Figure 2) which
has been successfully applied to a range of 2D and 3D shape
matching problems in computer vision [2, 7].
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Figure 2. Shape Context Descriptor: For each nucleus we
associate a shape context descriptor which is a spatial
histogram of the expression levels of cells in the neigh-
borhood of that point on the blastula surface. The polar
spatial structure of the histogram bins provides robust-
ness by making the descriptor more sensitive to the ex-
pression levels of nearby cells than to those of points
farther away. Linear assignment finds corresponding
cells in two embryos which are nearby and have similar
shape context descriptors.

3. Exploiting Correspondences to Build Com-
posite 3D Maps

Iterating the two steps of correspondence and warping
will, given two similar but not identical embryos, yield a
set of correspondences between nuclei in the two animals.
Once a collection of embryos have been registered onto
a common target embryo, we can use the correspondence
to transfer expression levels onto that target embryo. Fig-
ure 3 shows a preliminary composite atlas constructed in
this fashion from 150 confocal images using the pair rule
genes ftz and eve as the reference for registration.

Once constructed, we can easily visualize and study any
combination of genes in the composite atlas. This capabil-
ity should be quite useful in a high throughput setting with
1000s of genes since even producing the O(N2) raw images
required to see every pairwise combination involves an in-
feasible number of in situ hybridizations. In contrast, our
method only requires O(N) experiments, one for each of
N genes paired with a reference gene.

In addition to expression patterns, the correspondence
can also be used to average other quantities such as mor-
phological measurements. For instance, we have begun
to study the density of cellular packing in the blastoderm.
We measure the spacing between segmented nuclei in each

Figure 3. Composite Atlas: Views of a preliminary com-
posite atlas of gene expression demonstrating the output
of our algorithm. For each nucleus in the composite, we
have constructed an estimate of the expression levels
for 14 different genes, a subset of which are shown here.
When multiple embryos are stained for the same gene,
we can utilize the correspondence to average these mea-
surements on the composite model. As the staining pro-
cess is stochastic, averaging multiple fluorescence mea-
surements can decrease the variance in our estimate of
the “true” in vivo expression levels. Numbers in brackets
indicate how many embryos stained for that gene were
averaged together.

source embryo point-cloud and then use the correspondence
to transfer these noisy raw measurements onto the target
embryo where they are averaged together. This method
has revealed a complex spatial pattern of nuclear densities
which changes over time and may play an interesting role
in the mechanics of gastrulation. Such subtle morphological
features are not readily apparent in visual examination of a
single embryo but are easily discovered in our quantitative
composite atlas.
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