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Bacterial endospore formation is a complex developmental pathway involving differential
and staged expression of hundreds of genes in response to overcrowding or nutrititional
stress.  Most of the insights into the genetics and molecular biology of this pathway have
come from studies of Bacillus subtilis.  However, as new genomic and expression data for
other spore-formers becomes available, one may ask to what extent this pathway is
conserved phylogenetically, over evolutionary time, as well as transcriptionally, over
physiological time.  Here, we collect and compare genomic and expression data from four
spore-formers (B. subtilis, B. anthracis, C. acetobutylicum, B. licheniformis) using a
combination of statistical and phylogenetic methods.  Preliminary results show that genes
sharing expression patterns are not always evolutionarily conserved, but that genes sharing
phylogenetic patterns are typically co-expressed. Furthermore, the sporulation pathway
shows clear evidence of niche modifications in that the free-living but phylogenetically
divergent bacteria (B. subtilis and C. acetobutylicum) have significantly different expression
patterns in conserved genes as compared to the more closely related pathogenic bacteria (B.
licheniformis and B. anthracis).  These results shed light on the conservation of spore-
formation in terms of its temporal and ecological roles, and provide an early insight into the
evolution of pathway dynamics.
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Evolutionary modules are transcriptionally co-expressed

Transcriptional modules are not evolutionarily conserved

Genome location is surprisingly conserved

Differences reflect niche adaptation

Orthologs shared by four spore-formers

Microarray data sources (52 expts)

- Expression data normalization (global
normalization per slide, geometric
average between replicates, arithmetic
normalization between conditions)
- Significance assessed by t-statistic
when replicates available, z-score
otherwise
- Deviation from normal distribution
measured using normal probability plot

Module 1                             Module 2                                          Module 3

37 genes                            77 genes                                 39 genes
response modulation regulation, spore coat cross-talk, sensing

0.35 (0.05)            0.35 (0.19)          0.46 (0.25)

Phylogenetic profile of 153 sporulation genes in 18 fully sequenced spore formers yields 3 major
evolutionary modules with distinct pathway functions
For genes in each module, how are their expression profiles correlated?  (|r| <= 0.7)
Measure clustering coefficient of resulting graph, compare to graph of same number of randomly
chosen genes.  Results are significant at P<0.05.

Sample transcriptional module from C. acetobutylicum
(49 genes) obtained using Iterative Signature
Algorithm (Ihmels et al. Nature Genetics 2002)
For genes in each module, how are their phylogenetic
profiles correlated?  (Hamming dist. h <= 1 bit)
Clustering coefficient is 0; no triangle relationships

Sample transcriptional module from B. subtilis (154 genes) obtained as above
For genes in each module, how are their phylogenetic profiles correlated? (Hamming dist. h <= 1 bit)
Clustering coefficient comparable between data (0.28, le7)

    & random control (0.25, right) at 5% significance

Well known that genomic order not
conserved in microbes in general
due to chromosomal
rearrangements, inversions,
insertions, and deletions (Wolf et al.
Genome Research 2001). However,
in subset of genes enriched for
cellular function (e.g. sporulation
pathway), significant conservation
of operon structure, chromosomal
location, and gene order.

X-axis: pair of sporulation genomes
Y-axis: correlation coefficient of
scatterplot of ortholog positions on
chromosome

Hierarchical clustering of entire expression data
set (not shown) indicates that free-living spore-
formers cluster separately from pathogenic
spore-formers, distinct from taxonomic
relationships shown right.  Lifestyle and niche
adaptation of bacteria thus play a role in shaping
its transcriptional profile, even for identical
pathways.

ML tree of 31 essential genes, dots signifying
bootstrap > 80%, pruned from tree of life
(Ciccarelli et al. Science 2006).

Several areas of future work:
-Include multiple testing analysis in microarray data
-Systematically analyze noise resulting from use of diverse data sets and different
kinds of chips
-Incorporate current knowledge from dynamical model of sporulation, to
elucidate which aspects of transcriptional correlation are significant versus
accidental

Despite these limitations, the major contribution of this work is that it begins to
incorporate expression dynamics into the lexicon of evolution.  That is, knowing
the dynamics of one network, can we predict what it will be in homologous
networks?  This leads to the interesting and intricate question of how to
systematically compare dynamics, given the difficulty of model-building in
multiple species, gathering experimental conditions and parameters, and
understanding valid parameter combinations and ranges.  Finally, it provides a
framework for developing effective predictive tools that bridge the gap between
physiological and evolutionary timescales.
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