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Mapping the gene expression universe

Eric Lécuyer® and Pavel Tomancak’

Methods to globally survey gene expression provide valuable
insights into gene function during development. In particular,
comprehensive in situ hybridization studies have demonstrated
that gene expression patterns are extraordinarily diverse and
new imaging techniques have been introduced to capture
these patterns with higher resolution at the tissue, cellular, and
subcellular levels. The analysis of massive image databases
can be greatly facilitated by computer vision techniques once
annotated image sets reach the crucial mass sufficient to train
the computer in pattern recognition. Ultimately, genome-wide
atlases of gene expression during development will record
gene activity in living animals with at least cellular resolution
and in the context of morphogenetic events. These emerging
datasets will lead to great advances in the field of comparative
genomics and revolutionize our ability to decipher and model
developmental processes for a variety of organisms.
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Introduction

Determining the spatial and temporal expression pattern
of a gene is often the first step toward understanding its
function during development. This simple notion was
perhaps best demonstrated by classical experiments in
Drosophila, where remarkable embryonic phenotypes,
such as the absence of alternating body segments, were
linked to genes expressed in corresponding stripes of cells
along the anterior—posterior axis of the early embryo [1].
RNA 77 situ hybridization (ISH) is the method of choice
for visualizing gene expression patterns in organisms,
simply because the technique requires sequence infor-
mation alone to generate gene-specific probes and is
universally applicable to a broad range of model organ-
isms and developmentally interesting tissues [2]. While

generally less quantitative than microarrays, the fine
spatial resolution of ISH techniques is essential for study-
ing gene-regulatory processes in the proper developmen-
tal and cellular context.

Systematic RNA-ISH screens are currently being per-
formed in all major developmental model systems using
gene-specific probes of expressed sequence tags (EST's)
[3°,4-8,9°,10°]. These projects use high-throughput
RNA-ISH protocols [11,12] to collect digital microscopy
images of stained specimens accompanied with expert-
entered annotations, all of which are organized in rela-
tional databases (Figure 1a). Project-specific resources are
linked to general-purpose model organism databases and,
in some cases, also to each other for seamless ‘evo—devo’
comparisons of the expression patterns of orthologous
genes [13].

In this report, we review bioinformatics approaches to the
analysis of spatio-temporal gene expression data and
contrast them with the emerging, interdisciplinary field
of computer vision-assisted expression analysis. We then
describe the current trends in high-throughput ISH gene
profiling toward more quantitative analysis of expression
patterns at the highest attainable level of spatial resol-
ution. We further propose that expression patterns form-
ing in the context of dynamic developmental processes
need to be resolved with high-temporal resolution and
discuss the ‘state-of-the-art’ genetic strategies that will
enable recording of gene expression patterns in living
biological systems.

Organizing gene expression data by
annotations and image analysis

Comprehensive ISH screens have many potential appli-
cations. In addition to supplying an extensive catalog of
candidate genes for use as cellular markers or prioritizing
focused studies of gene function, they also offer an
unbiased view of how the genome is deployed during
development, which can lead to unexpected insights into
gene-regulatory mechanisms. In general, two types of
data are generated from high-throughput ISH studies:
firstly, digital images of stained specimens at specific
stages of development and secondly, associated con-
trolled vocabulary (CV) annotations devised by the cura-
tors, which provide a standardized description of gene
expression characteristics throughout the dataset
(Figure 1a). When employed diligently, a CV enables
the application of sophisticated clustering algorithms to
ISH datasets to group genes together with similar expres-
sion patterns and to search for statistically significant
enrichments within these groups, such as correlations
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(a) Flowchart depicting the steps involved in ISH screening projects, the types of data generated, and the useful applications for the data. (b) The
‘Anatogram’ provides a compact representation of the CV annotations for a group of genes, in this case for genes that encode maternally deposited
transcripts in Drosophila [3°]. A vertical black line delimits developmental stages, and each colored bar represents an individual CV term. The width of each
bar is proportional to the number of times a term was used in the entire dataset, and the height represents the relative enrichment of the given term within
the particular gene set (in this case, all 3334 maternally expressed genes versus the entire dataset of 4759 genes expressed in the embryo). Enrichment is
given in units of standard deviation above or below the expected sample count based on the background frequencies (z-score). Terms with bars below the
zero line are under-represented in the sample. The color code is based on organ systems shared by metazoan organisms and can be adapted to spatio-
temporal gene expression data from other animals, providing an organism-independent way to present spatial gene expression data.

in gene function or shared regulatory elements
[3°,14,15°,16]. For example, a combined analysis of CV
annotations and quantitative microarray data was recently
utilized to characterize gene expression during Drosophila
embryogenesis [3°]. Using this approach, the authors
were able to distinguish dozens of gene clusters exhibit-
ing either broad or highly restricted expression patterns,
most of which showed enrichments for specific gene
functions. By utilizing powerful statistical tools they
organized the combined gene expression and gene func-
tion space into a network representing the relationship
between tissue-specific expression regulation and gene
function in development. The authors further devised
several useful computational tools to visualize the expres-
sion properties of groups of genes, such as the ‘anatogram’
depicted in Figure 1b [3°].

One drawback of CV annotations is that they are estab-
lished by human annotators, which may incorporate
biases into a dataset due to errors in interpretation.
Computer-assisted image analysis represents a promising
alternative approach for organizing gene expression data
independent of CV annotation [17]. At first glance, it may
seem that the application of image analysis techniques
without thorough reference atlases would be doomed to
fail. Yet, machine-learning techniques combined with
segmentation and feature extraction algorithms can yield
surprisingly consistent results in expression pattern classi-
fication from a large collection of expert-annotated
images. The atlas of patterns of gene expression during
Drosophila embryogenesis [3°,14] has been used by sev-
eral groups to test supervised and unsupervised image
analysis approaches to classify Drosophila embryo ISH
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images. For example, the task-oriented FlyExpress
search engine combines manual segmentation and
BLAST-like comparison to retrieve similar looking
images and represents an annotation-independent gate-
way into the dataset [18,19]. Others have applied state-of-
the-art computer vision approaches to decompose the
patterns, group similar patterns together, and annotate
based on learned examples [20°,21°,22°]. These sophisti-
cated approaches are yet to be incorporated into publicly
available tools for the benefit of biologists. In another
study, quantitative microarray time-course data were used
in combination with CV annotations [3°] and image
analysis to identify syn-expressed genes [23]. Other prom-
ising approaches use statistical significance testing against
randomized datasets to compare images of patterns and
identify similarities (Uwe Ohler and Erwin Frise, unpub-
lished data). Ultimately, the combination of expert anno-
tation and computer vision approaches should provide a
useful framework for exploiting rich ISH screen datasets in
order to extract novel biological insights.

Image analysis is not limited to fly expression data. In the
plant field, confocal images of green fluorescent protein
(GFP) reporter constructs were processed to assign gene
expression to tissues in flexible Arabidopsis roots [24].
Similar nonrigid structures are commonplace in biological
applications and the image analysis field is well equipped
for their registration as demonstrated by the straightening
of C. elegans worms to align them to a reference atlas [25].
The fixed, known lineage of C. elegans makes it particu-
larly suitable for the application of image analysis tech-
niques and several impressive approaches have been
developed to trace cells during early worm development
[26-28]. It will be interesting to see these approaches
were applied to model systems with less rigid develop-
ment.

High-resolution approaches

While most ISH screens conducted to date have proven
valuable for documenting developmental gene expres-
sion at the tissue level, the methods employed offer
limited resolution at the cellular and subcellular levels.

Figure 2

Achieving single-cell resolution is an important consider-
ation, as many of the processes that guide morphogenesis
are manifested at the cellular level through changes in cell
fate, morphology, migration, proliferation, and survival
[29]. Moreover, gene activity is crucially influenced by
subcellular compartmentalization of gene products and
techniques with subcellular resolution are required to
reveal this dimension of gene regulation. The imple-
mentation of higher resolution staining and imaging tech-
niques, with the capacity to unambiguously reveal
specimen features at the cellular and subcellular dimen-
sions, thus represents an essential step in the further
development of comprehensive gene expression studies.

The potential of enhanced imaging approaches is illus-
trated by a recent study in which a high-resolution fluor-
escent ISH (FISH) procedure was used to probe the
subcellular localization properties of over 3000 mRNA
species during Drosophila embryogenesis [15°]. Using a
detection method that provides strikingly enhanced sub-
cellular resolution compared to standard ISH detection
(Figure 2), the study revealed that the majority of
expressed mRNAs are subcellularly localized in fly
embryos. The authors further uncovered numerous cor-
relations between transcript distribution patterns and
protein localization and function, suggesting that mRNA
localization plays a much broader role in organizing
cellular protein networks than previously suspected.
The accompanying FLY-FISH database provides a use-
ful resource for forming hypotheses about functions of
individual genes based on localization phenotypes and for
characterizing localization signals by informatics analysis
of groups of genes displaying similar localization patterns.
ISH screens have been applied to study the subcellular
distribution of mRNAs and expression dynamics of other
categories of regulatory RNAs in various model systems
[30-34], and the use of high-resolution approaches should
prove extremely valuable for illuminating novel facets of
post-transcriptional regulatory pathways.

Another complexity regarding most ISH procedures is
the limitation in the number of genes that can be

FISH
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Comparison of staining features revealed by standard ISH versus high-resolution FISH. This example shows the patterns observed following
hybridization of a probe for Runt mRNA in Drosophila embryos, detected by ISH (panel 1; mMRNA in blue) or by FISH (panels 2—4; mRNA in green, DNA
in red). While some subcellular features, such enriched localization in the apical cytoplasm (panels 1-2), are revealed with both detection methods, the
high-resolution FISH method provides additional details, including fine spatio-temporal mapping of zygotic mMRNA expression in nuclear foci (panel 3)
and localization of transcripts at the spindle midzone during anaphase (panel 4).
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simultaneously monitored in a given experiment,
despite advances in multplexing methodologies
[35,36]. Since gene-regulatory networks generally com-
prise large numbers of regulators and target genes [37],
building predictive models to decipher these networks
will require strategies that allow the simultaneous quan-
titative measurement of all network components. In
Drosophila, several groups have developed quantitative
imaging approaches aimed at understanding the tran-
scriptional networks that drive early embryonic devel-
opment [38°,39-42]. Recently, the members of the
Berkeley Drosophila Transcription Network Project
developed a powerful imaging and data registration
pipeline that provides a quantitative description of gene
expression and morphology at cellular resolution in
whole embryos [38°43°,44°]. Their staining method-
ology (i.e. simultaneous costaining for reference and
test genes and nuclei) and data registration in the form
of point clouds enables the averaging of data from
individually imaged embryos into a composite Virtua-
IEmbryo, in which the expression patterns of many
genes can be simultaneously analyzed while taking into
account changes in nuclear density [38°]. Ultimately,
these strategies will allow for more accurate modeling of
spatio-temporal gene expression networks and should
lead to great insights into the molecular mechanisms
that drive development.

Gene expression patterns in living specimen
Tissue-specific gene expression drives differential cellu-
lar behavior during development and conversely morpho-
genetic events serve as triggers for gene expression
regulation [45]. The techniques discussed so far operate
on fixed specimens and insights into the temporal inter-
play between gene regulation and morphogenesis is lim-
ited by sparse sampling of developmental stages. Ideally
one would like to examine the patterns of gene expression
in living specimens with high-temporal resolution. The
utility of such live reporters was spectacularly demon-
strated in recent studies of Bicoid (Bcd) morphogen
gradient formation by time lapse imaging of Bed-GFP
fusions [46°,47°].

In Drosophila, transposon-mediated gene trapping is a
standard genetic method to randomly generate live gene
expression reporters [48,49]. Mobilization of a transposon
containing ‘exonized’ fluorescent reporter genes can be
used to create protein fusions suitable for subcellular
localization studies [50]. Recently, the efficiency of the
technique was increased significantly by combining trans-
poson remobilization with fluorescent-activated embryo
sorting [51,52°]. Unfortunately, the strong selection
imposed by the sorting step leads to repeated isolation
of strongly expressing genes around transposon hot-spots,
which limits the spectrum of genes that can be isolated.
Still, large-scale gene trap screens led to the identification
of many useful markers, such as atypical mononucleated
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muscle cells around ovarioles in Drosophila female gonads
[53].

Reverse genetic approaches to mark tissues were pio-
neered in C. elegans by hooking fluorescent reporters to 5'-
flanking regions of genes [54°]. An obvious extension of
this approach is to insert GFP in the context of large
genomic clones that contain all regulatory sequences
necessary for wild-type expression. Recently developed
high-throughput liquid culture recombineering pipelines
enable systematic modification of genomic clones [55°],
paving the way for genome-wide gene trapping in nema-
todes. The high-throughput recombineering approach is
applicable to genomic clones derived from any organism
[56°]; however, transgenesis of large constructs may prove
to be an obstacle in some developmental systems. The
current situation is especially favorable in Drosophila,
where the recent advances in transgenesis technologies
allow the insertion of large genomic clones in a site-
specific manner, largely reducing complications arising
from positional effects [57°]. Together with the extensive
atlases documenting gene expression at the tissue, cel-
lular, and subcellular levels, Drosophila is ideally posi-
tioned to yet again serve as a pioneering model system for
genome-wide studies of gene regulation at the highest
spatial and temporal resolution.

Conclusions

The common denominator of all ISH projects published
or initiated to date is that they are not finished. An
argument can be made that they will in fact never be,
since the currently used approaches are surpassed by
higher resolution techniques. Yet, it is important to com-
plete genome-wide surveys using a single standard
approach. Perhaps it should be considered to establish
a publishing venue for such wrapping up efforts so that
the gene expression atlases may reach the same level of
maturity as genome sequences.

Computer vision is a vibrant research field that
represents an uncharted territory for most biologists.
Advances in image analysis of gene expression data are
usually first reported at specialized computer vision
conferences and frequently these conceptual prototypes
never mature into usable tools for solving biological
problems. As the computer vision community has a
lot to offer, it will be important to establish venues to
foster collaborative interactions with developmental and
systems biologists.

Probing gene expression patterns with high spatial and
temporal resolution offers a unique opportunity to study
the evolutionary mechanisms that lead to the emergence
of gene expression innovations and phenotypic variation
between closely related species. Once again, Drosophila
researchers are well equipped to tackle these problems, as
the complete genome sequences of 12 related Drosophila
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species were recently published [58,59] and toolkits for
probing gene activity can be seamlessly applied to all
Drosophilids. Tt will be exciting to swap entire gene
regions between related fly species and assay the impact
of cis-regulatory sequences and #7ans-acting factors on the
expression patterns [60,61].
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