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Genome-scale analysis of in vivo spatiotemporal
promoter activity in Caenorhabditis elegans
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Differential regulation of gene expression is essential for cell fate specification in metazoans. Characterizing the transcriptional
activity of gene promoters, in time and in space, is therefore a critical step toward understanding complex biological systems.
Here we present an in vivo spatiotemporal analysis for ~900 predicted C. elegans promoters (~ 5% of the predicted protein-
coding genes), each driving the expression of green fluorescent protein (GFP). Using a flow-cytometer adapted for nematode
profiling, we generated ‘chronograms’, two-dimensional representations of fluorescence intensity along the body axis and
throughout development from early larvae to adults. Automated comparison and clustering of the obtained in vivo expression
patterns show that genes coexpressed in space and time tend to belong to common functional categories. Moreover, integration
of this data set with C. elegans protein-protein interactome data sets enables prediction of anatomical and temporal interaction

territories between protein partners.

During development, cell type determination depends on the activation
and/or repression of specific subsets of genes"»2. One of the requirements
to fully understand the molecular networks driving cell differentiation in
metazoans is to characterize the in vivo expression state of the genome at
each differentiation step, that is, to determine what specific set of genes
is activated in which specific cell type at what stage of development®.

C. elegans is a unique multicellular model for such in vivo global
gene expression studies. Its transparent body and nearly invariant cell
lineage*® enable precise, cell-by-cell analysis of promoter activity
throughout development in transgenic animals carrying promoter::GFP
reporter constructs®®. With the completion of the C. elegans genome
sequence’, it is conceivable to develop genome-wide analysis of in vivo
promoter activity for the complete set of promoters. The collection of
all obtained patterns, referred to here as a ‘localizome’ data set, should
provide important insight into the functional organization of gene
regulation at the genome scale (refs. 10—13, and http://elegans.bcgsc.ca/
perl/eprofile/index).

High-magnification fluorescence microscopy has been used to
characterize expression at the single-cell level in C. elegans. However,

this kind of analysis is extremely time consuming and labor inten-
sivel>, Moreover, because rapid microscopic examination can be
performed on only a limited number of animals, the obtained results
can be strongly affected by stochastic variations among individuals.

RESULTS

Reconstitution of time-lapse expression patterns

To study promoter::GFP expression at the level of a large population of
animals with a quantitative read-out, we used a ‘complex object
parametric analysis and sorter’ (COPAS) instrument equipped with
a profiler system that analyzes up to ~100 animals/s. This system
generates fluorescent emission profiles along the antero-posterior axis
of the C. elegans body. By analyzing large numbers of animals of all
sizes and ages at high throughput, we generated a digitized overview of
the promoter activity throughout post-embryonic development.

For each transgenic line analyzed, fluorescence profiles were
acquired for thousands of nematodes from a mixed-stage culture.
For each worm in the population we then converted the correspond-
ing profile into a color-coded representation of the fluorescence
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Figure 1 Generating post-embryonic developmental chronograms. (a) For each worm, the longitudinal
GFP intensity profile is converted into a bar where the length corresponds to the animal’s size and the
color codes for the fluorescence intensity. (b) Profiles are sorted by size and oriented to match their
neighbors. (c) The complete collection of oriented expression profiles reflects the size distribution of a
given population. Represented here are the profiles gathered for the strains BC15648 and BC12648,
expressing GFP under the control of F25B5.1 and ptl-1 promoters, respectively. The expansions on the
right display the profiles of larger animals. (d) Averaging profiles of identical size produce chronograms
with a standardized shape. Approximate larval stages and adult transitions are indicated on the y-axis.
The color code represents the absolute GFP intensity measured (increasing values as black-green-

yellow-white).

signal in the other 734 chronograms. Most
of the strains (79.2%) analyzed carry extra-
chromosomal arrays of the promoter::GFP
construct, which may have a transmission
rate too low to enable population-scale ana-
lysis of expression'®. Moreover, the presence
of extrachromosomal arrays may sometimes
cause a deleterious phenotype because, for
example, of transcription factor titration
effects'® and may thus be counter-selected.
Alternatively, some of the promoters may
drive expression at levels below the detection
threshold of the instrument under the con-
ditions used here.

BC15648

BC12648

Extraction of tissue-specific signatures

We developed an averaging method to extract
the characteristic features of sets of chrono-
grams, corresponding either to strains that
share individual anatomic annotations
defined by microscopic observation'3, or to
genes that belong to expression clusters
derived from microarray experiments'’. To
prevent chronograms with strong expression

intensity (Fig. 1a). After orienting these profiles (Fig. 1b), we
assembled them so that the short rows at the top represent L1 larvae,
whereas the bottom rows correspond to fully-grown adults (Fig. 1c).
As the distribution of worm sizes varies dramatically between
analyzed populations (Fig. 1c), we generated images in which each
row represents the average of all worms of a given size (Fig. 1d). If no
animal of a given size was found, the corresponding row was
skipped. As these normalized images provide an overview of GFP
expression in time throughout post-embryonic development (the
length of the worm being a proxy for its age), we refer to them
as ‘chronograms’.

Several examples of chronograms corresponding to well-character-
ized GFP-expressing strains are shown in Figure 2. Tissue-specific
signatures corresponding to major organs are clearly identifiable on
the chronograms, even when expression is restricted to a small
number of cells, such as olfactory neurons (Fig. 2b). An advantage
of the chronogram is that it provides information on the temporal
expression of the reporter. For example, the onset of egl-15 expression
during the L4 stage is clearly visible in Figure 2f.

We acquired chronograms for 1,992 GFP strains which, after
accounting for redundancy in transgene content, report the activity
of the proximal promoter of 1,610 unique predicted gene loci
(Supplementary Fig. 1 online)!>4. We further analyzed 876
chronograms for which the average signal was above background
(see “Chronogram signal level classification” in Supplementary
Methods online). Several factors explain the absence of significant

Figure 2 Visualization of tissue-specific expression. (a—h) Strains known to
express GFP in all neurons (unc-119, strain IM324 (ref. 36)) (a), olfactory
neurons (/im-4, strain OH96 (ref. 37)) (b), intestine (elt-2, strain MR142
(ref. 38)) (c), body wall and vulval muscles (myo-3, strain PD4251 (ref.
39)) (d), pharynx (myo-2, strain PD4790) (e), vulval muscles (egl-15, strain
NH2447 (ref. 40)) (f), gonad sheath cells (/im-7, strain OH172 (ref. 41))
(g) and coelomocytes (unc-122, strain OH910 (ref. 42)) (h). For each strain
a chronogram is shown in relation to a diagram of the anatomy of a worm.

from dominating weaker ones, we divided
each image by its mean intensity. The average
chronogram of all 315 strains annotated as expressed in the pharynx
(Fig. 3a) displayed a distinctive anterior expression pattern, with a
clearly visible separation between the two pharyngeal bulbs, a feature
already seen in the myo-2::GFP chronogram (Fig. 2e), representing the
expression of a promoter specific to pharyngeal muscle cells. Further-
more, a late-onset mid-body signal can be seen, corresponding to GFP
expression in embryos in utero, which is consistent with the timing
of pharynx development. The average image corresponding to the
150 strains that scored positive for expression in the nerve ring
(Fig. 3b) shows a pattern clearly distinct from the pharyngeal one
(Fig. 3a), with a narrower signal starting at the level of the isthmus of
the pharynx. This average nerve ring pattern replicates the signature
observed in the chronograms of wunc-119:GFP (Fig. 2a) and
lim-4::GFP (Fig. 2b), both representing expression in the nerve ring.
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A caveat of this averaging method is that obtaining a robust tissue-
specific signature depends on the availability of large numbers of
images, because expression is more frequently observed in multiple
tissues than in a single one. For example, only 44 strains were
annotated with expression in the gonad sheath cells. Because most
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Figure 3 Feature extraction from multiple images. (a—c) Average
chronograms of strains with reporter expression sharing a common anatomic
annotation. (d—f) Strains with reporter fusions for genes corresponding to
transcripts clustered in the same topomap mountainl?. Mounts 6, 7 and

8 are enriched for genes expressed in neurons, germline and intestine
respectively. n indicates the number of individual chronograms used to
generate the average image. The color scale indicates the level of expression
of a given position on the chronogram of the group considered relative to the
average of all chronograms.

of them also expressed GFP in a variety of other tissues, the extracted
signal (Fig. 3c) was not strictly restricted to the tissue-specific
signature observed in the lim-7::GFP chronogram (Fig. 2g).

We also used this averaging approach to extract common features of
chronograms corresponding to genes belonging to expression clusters
generated based on a compendium of over 500 microarray experi-
ments!’. The average images associated with certain clusters (‘topo-
map mountains’) showed expression patterns that fit with their
associated annotations, such as for neurons (mount 6, Fig. 3d),
germ line (mount 7, Fig. 3e) and intestine (mount 8, Fig. 3f).
However, most topomap mountains, even when sufficiently repre-
sented in our data set, did not display any characteristic pattern,
suggesting that microarray clusters may not generally constitute a
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Figure 4 In vivo expression pattern clustering. (a) Pairs of highly correlated chronograms were selected from the PCC matrix. For each strain, the
chronogram and a whole animal fluorescence micrograph are presented. (b) Correlation between chronograms PCC and GO terms. (c) Clustered matrix
of 876 chronograms based on spatial and temporal correlation of expression. Average images of chronograms grouped in some of the neighbor joining
tree branches (A-D) are presented as well as their enrichment in specific GO terms, microarray expression clusterl7-23 and/or anatomical annotation.
(d) Overview of subtrees enrichments in four functional annotation types. Distinct colors indicate distinct categories of enriched terms in each class
(Supplementary Fig. 3 presents an enlarged version of this figure and the list of enriched subtrees is available in Supplementary Table 1).
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Figure 5 Localization of protein-protein interactions. (a) SUP-12 and

EXC-7 each physically interact with MEC-8 (ref. 18) in high-throughput
yeast two-hybrid. Although all three proteins are implicated in mRNA
splicing, their expression patterns are distinct. Overlapping the chronograms
of genes encoding interacting proteins can provide insights into where and
when the proteins may interact. (b) C37E2.1 and F43G9.1 encoding the
gamma and alpha subunits of the isocitrate dehydrogenase, respectively, are
direct interactors in the WI5 protein-protein interaction map!8 and their
chronograms show a high-level of correlation (PCC = 0.53).

good predictor for coexpression in the same tissue. For example, genes
grouped in categories such as ‘development, ‘heat shock’ ‘aging’ or
‘Dauer’ could accomplish their function in these processes in a wide
range of distinct tissues and therefore not be colocalized despite their
apparent coexpression.

Chronogram clustering

The digital nature of the chronograms allows quantification of the
similarity between them. We calculated Pearson’s correlation coeffi-
cient (PCC) between all pairs among the 876 chronograms with
detectable signal. For a randomly sampled set of pairs within the
top 95 percentile of the PCC distribution, we verified that a high
PCC value between the chronograms correlated with a strong visual
resemblance between the fluorescent micrographs of the correspond-
ing animals (Fig. 4a and Supplementary Fig. 2 online). We also
examined whether chronogram similarity correlates with common
Gene Ontology (GO) annotations, as has previously been observed
between pairs of physically interacting proteins'®, coregulated tran-
scripts!” (from microarray expression profiling) and genes that share
RNAi phenotypes'®21. Indeed, two genes whose corresponding chrono-
grams were highly correlated tended to share GO annotations more
often than expected by chance (P = 2¢ 44 Fisher exact test; Fig. 4b),
further demonstrating the power of chronogram comparisons.

We used average-linkage hierarchical clustering?? to group genes
based on the spatiotemporal activity of their promoter throughout
post-embryonic development (Fig. 4c). As examples, we show four
clusters, each corresponding to different branches of the hierarchical
tree. For each cluster, we show an average chronogram image and list
biological attributes enriched among genes within the cluster. Cluster A
displayed significant (P = 2.8¢™*) enrichment in genes overexpressed in
hermaphrodites relative to males and in adults relative to the other

stages of development?3. The average expression pattern observed for
cluster A was consistent with these enrichments, with a signal located
in the mature uterus and/or developing embryos. Noticeably, cluster A
also contained two subtrees that were enriched for the GO terms
‘DNA metabolism’ and ‘mitotic cell cycle’ (Fig. 4d and Supplemen-
tary Fig. 3 online). This is consistent with expression during early
embryogenesis, a developmental stage during which most cell divi-
sions occur. Cluster B was significantly (P = 8.2¢™) enriched for genes
expressed in adult body wall muscle, consistent with the average image
obtained for this cluster, which showed expression appearing in the
bigger adult animals. Cluster C enrichment in genes expressed in the
pharynx of both larvae and adult animals was reflected by the
corresponding average image, which was highly similar to the average
chronogram of all strains annotated as expressed in the pharynx
(Fig. 3a). Finally, cluster D was enriched in genes associated with the
regulation of growth rate. It was also enriched in genes expressed in
the body wall muscle, like cluster B, which explain the resemblance of
their average image. Interestingly, features shared by groups of genes
that are distant in the neighbor-joining tree were visible as bright, off-
diagonal regions in the matrix (Fig. 4c).

Noticeably, the number of subtrees presenting significant (P <
0.001) enrichment for a given RNAi phenotype was much lower than
for the other functional categories explored (Fig. 4d, Supplementary
Table 1 online). This is probably because only 10-12% of C. elegans—
predicted genes are associated with any RNAi phenotype!®-21:24-26,
whereas most are associated with GO terms and/or microarray
expression data.

Localizome and interactome

High-throughput interaction mapping techniques, such as yeast two-
hybrid, identify physical protein-protein interactions that may occur
in vivo, but can not determine in what cells or tissues the two proteins
in question are coexpressed for the interaction to happen. Comparison
of microarray profiles can indicate coregulation between genes but, as
most microarray data are derived from whole-animal RNA extraction,
it remains possible that their expression occurs in distinct tissues. In
contrast, chronograms can be used to define putative common
expression territories of interacting proteins by observing the overlap
between their expression patterns. MEC-8 was shown to be able to
interact with SUP-12 and EXC-7 by high-throughput yeast two-
hybrid!8, and all three proteins share the GO annotation ‘RNA-
binding protein, suggesting that they could function together within
a single macromolecular complex. However, the three reporter strains
for these genes displayed dissimilar expression patterns with chrono-
grams that overlapped only partially (Fig. 5a), suggesting that these
proteins function independently of each other in vivo, or might
interact to function together in only a few cells. This interpretation
is consistent with previous studies that indicate independent functions
for these proteins. All three proteins have been shown to be involved
in regulating tissue-specific alternate splicing, but act in different cells
on distinct targets: MEC-8 in the maturation of unc-52 mRNA in the
hypodermis and unknown additional transcripts in neurons2/*8; SUP-
12 on unc-60 mRNA in muscle cells; and EXC-7 on sma-1 mRNA in
the excretory cells and neurons, respectively29’31. On the other hand,
strong spatiotemporal expression correlation associated with a pro-
tein-protein interaction may indicate a strong functional correlation.
For 48 protein pairs from the worm interactome WI5 (ref. 18), the
corresponding promoter pairs were assayed in this localizome data set.
One of these chronogram pairs (C37E2.1-F43G9.1) scored in the top
95th percentile of the PCC distribution, indicating highly overlapping
expression patterns (Fig. 5b). Based on the data from these two
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unbiased data sets, one could hypothesize a functional association of
the two corresponding proteins. Indeed, C37E2.1 and F43G9.1 appear
to encode the gamma and alpha subunits of the isocitrate dehydro-
genase, respectively.

As the coverage of both worm localizome and interactome maps
improve, integration of the two maps will provide more insight into
the specific organization of tissue-specific macromolecular networks.
For example, we could distinguish two classes of interaction relation-
ships: ‘committed’ (where the two partners form an obligatory
heterodimer and both interactors are always expressed together) and
‘uncommitted’ (where the interaction is not necessary for the indivi-
dual proteins to function and both partners may have different
expression patterns), a distinction analogous to that proposed between

party and date hubs in the yeast interactome??.

DISCUSSION

The C. elegans adult is composed of 959 somatic cells, each identifiable
by high-resolution microscopy. However, analyzing individual gene
expression patterns at single-cell resolution is currently too cumber-
some to be accomplished for all 19,000 genes in C. elegans. The high-
throughput classification of expression patterns we devised can be
viewed as a first step toward more refined annotations and as a
complement to traditional microscopic analyses. For example,
several clear patterns visible in the chronograms led us to reexamine
the corresponding strains and to annotate tissue-specific expression
that had been missed in the initial assessment (Supplementary
Fig. 4 online). Chronograms capture the time-lapse expression
pattern for post-embryonic development and are quantitative digital
data that can be analyzed using mathematical tools similar to those
used for microarray data analysis. This approach combines the
throughput necessary for genome-wide promoter activity analysis
in transgenic worm strains, with a data format suitable for
large-scale analyses and for comparisons with other genome-
wide data sets.

Chronograms simultaneously provide coarse-grained spatial resolu-
tion along the anterior-posterior axis of the animal (length) and high
temporal resolution throughout post-embryonic development (time).
A limitation of our approach is the lack of the other two spatial
dimensions (width and height), which precludes distinguishing
between tissues located in the same cross-section (for example, vulval
muscles and vulval neurons). We anticipate, however, that future
optical developments of the COPAS profiler, or other systems, may
provide enhancements in this regard.

Chronograms can be used to identify potential spatiotemporal
territories where functional interactions between gene products are
most likely to happen. Generating expression annotations for all
protein interactions will add spatiotemporal information to the
worm interactome network!8, Localizome mapping will thus help
characterize the dynamic aspects of the functional interactions
between gene products in C. elegans.

METHODS

Worm profiling. For each analyzed strain, 2030 transgenic animals were
placed on 10-cm NGM agar plates seeded with Escherichia coli strain OP50 and
left to proliferate at 20 °C. Upon exhaustion of the bacterial lawn, the
mixed-stage population was washed out and analyzed using a COPAS profiler
(Union Biometrica) Individual profiles were acquired until all animal sizes
were represented.

Chronogram generation. As the animals pass through the profiler either tail or
head first, we oriented all profiles relative to one another by using an
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automated method based on the best fit with their neighbors as determined
by Pearson’s correlation coefficient (PCC).

Clustering. Before calculating the correlation between chronograms we
reduced their complexity by applying a linear filter to smooth out the signal
and eliminate high-frequency noise. Image compression and PCC calculation
were performed in Matlab. Images displaying no detectable variation from
background were excluded from the clustering analysis (details in Supple-
mentary Methods section “Hierarchical clustering of the chronograms”).
The neighbor-joining tree was calculated using average-linkage hierarchical
clustering??. Tree illustrations were performed with the tree editor TreeDyn
(http://www.treedyn.org/)*.

Cluster enrichments. The significance of enrichment for gene attributes within
a list of genes induced by each given subtree was calculated using the
cumulative hypergeometric distribution®. False discovery rates were associated
with each observed nominal P-value according to an empirical null distribution
of nominal P-values calculated similarly from 100 random permutations of all
genes within the same tree structure (full details in Supplementary Methods in
the section “Extraction of functionally enriched subtrees”).

Strains origin. Most transgenic lines analyzed here were generated either by a
modification of the microinjection method described by Mello et al. (1991)
where 5" regulatory DNA:GFP constructs and dpy-5(+) plasmid (pCeh-361)
and selection for rescue of the Dpy-5 mutant phenotype®®, or by micropro-
jectile bombardment'®. A small fraction was provided by the Caenorhabditis
Genetics Center. Individual strain origins are available for each expression
patterns on the localizome webpage (see below) and at Wormbase (http://
www.wormbase.org/).

Data availability. Data collected in the course of this project are available on
Wormbase for batch download of both raw data and processed chronograms.
We also created a searchable Localizome database that is freely accessible
through the Internet and that provides the user with the anatomic annotation
defined by microscopic observation and the associated chronogram. For any
query gene, the web interface also displays the best chronogram matches,
providing a convenient way to identify genes with similar expression patterns
(http://vidal.dfci.harvard.edu/localizome/).

Note: Supplementary information is available on the Nature Biotechnology website.
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