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Responses to extracellular stress directly confer survival fitness by means of complex regulatory
networks. Despite their complexity, the networks must be evolvable due to changing ecological
and environmental pressures. Although the regulatory networks underlying stress responses are
characterized extensively, their mechanism of evolution remains poorly understood. Here, we
examine the evolution of three candidate stress response networks (chemotaxis, competence for
DNA uptake, and endospore formation) by analyzing their phylogenetic distribution across
several hundred diverse bacterial and archaeal lineages. We report that genes in the chemotaxis
and sporulation networks group into well-defined evolutionary modules with distinct functions,
phenotypes, and mutation rates as compared to control sets of randomly chosen genes. The
evolutionary modules vary in both number and cohesiveness among the three pathways.
Chemotaxis has five coherent modules whose distribution among species shows a clear pattern
of interdependence and rewiring. Sporulation, by contrast, is nearly monolithic and appears to be
inherited vertically, with three weak modules comprising early and late stages of the pathway.
Competence does not exhibit well defined modules either at or below the pathway level. These
three pathways are hence emblematic of different modes and constraints on evolution. Based on
these findings, we derive a previously undescribed ontology that classifies gene function
according to an engineering view of dynamical control, with roles such as "sensor," "regulator,"
and "actuator." Application of this ontology to the evolutionary modules reveals, surprisingly,
that combinations of modules predict phenotype, and do not necessarily correlate with
phylogenetic inheritance.
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