Guest Editorial

Special Section on Evolving Gene Regulatory Networks
Gene regulatory networks (GRNs) play a central role in the evolution and development of biological systems. Any evolutionary change in the neural and morphological structures of complex organisms depends upon reorganization of the underlying gene regulatory network. In recent years, considerable attention has been paid to developing a systems-level understanding of the structure and function of gene regulatory networks using a bioinformatics approach. One aim of this research is an evolutionary reconstruction of regulatory networks based on biological data; while in the field of computational systems biology many researchers are working on computationally evolving in silico regulatory networks to produce complex dynamics, particularly from common regulatory motifs. 

This Special Section aims to promote a strong interdisciplinary integration of expertise in the area of evolution of gene networks from researchers with diverse backgrounds. Thirteen papers have been considered for the Special Section. Based on a peer-review process, six papers have been accepted. The topics of the six accepted papers can be categorized largely into three areas, namely synthesis of gene regulatory networks using evolutionary algorithms, reconstruction of  biological genetic networks using  computational gene regulatory models and experimental data, and finally, the application of gene regulatory models and artificial development to solving engineering problems.
One very interesting line of research in systems biology is the analysis of the robustness of regulatory motifs found in biology and the relationship between robustness and network topology. What are the genetic mechanisms and environmental constraints that have led to the evolutionary emergence of robust regulatory motifs? In silico evolutionary synthesis of gene regulatory networks offers us a powerful approach to answering this question. The paper “A multi-objective differential evolutionary approach toward more stable gene regulatory networks” by Esmaeili and Jacob describes a nice approach to evolving stable regulatory networks based on random Boolean networks (RBNs). Differential evolution, one of the evolutionary algorithms, is employed to optimize multiple stability indicators for RBNs, including network sensitivity, cyclic length of the attractors and the number of attractors. Their results show that computational evolutionary systems are indeed able to generate stable regulatory motifs. The same question has been studied from a slightly different viewpoint in the paper titled “On the evolution of scale-free topologies with a gene regulatory network model” by Nicolau and Schoenauer. Instead of evolving regulatory networks by maximizing measures of robustness, these authors examine the role that genetic operators play in evolving regulatory networks with specific patterns of connectivity, such as scale-free networks. This work demonstrate that genomes created through gene duplication and divergence can contribute significantly to the evolution of scale-free networks, supporting the hypothesis that gene duplication is a major driving force in biological evolution. 
With the availability of high-throughput gene expression data, it has become feasible to attempt  to reconstruct transcriptional or developmental genetic networks which can then be used for inference of additional genetic interactions. A key issue here is to choose a proper model amongst a large number of possible computational regulatory network models. It is important that the model is adequate yet compact enough to describe the regulatory dynamics represented by the gene expression data. Discrete models such as random Boolean networks and Bayesian networks, and continuous models such as sets of ordinary or partial differential equations and recurrent neural network models are the two main classes of gene regulatory models. However, a clear relationship between the two classes of regulatory models is still lacking. An attempt to fill the gap between a differential equation based gene regulatory model and a multi-valued logical model has been presented in the paper “Temporal constraints of a gene regulatory network; refining a qualitative simulation” by Ahmad et al. In this paper a piece-wise affine differential equation (PADE) model with time delay is converted into a discrete model and the dynamics of the resulting model are analyzed using hybrid model-checking techniques. This approach allows the authors to refine the temporal constraints that are necessary to realize particular qualitative transitions. As a case study, the gene regulatory network of nutritional stress response in the bacterium Escherichia coli is studied. The paper “A robust correlation estimator and nonlinear recurrent models to infer genetic interactions in Saccharomyces cerevisae and pathways of pulmonary disease in Homo sapiens” by Chuang et al reports the use of a five-layer nonlinear recurrent model with latent connections. The model has been employed to infer genetic interactions in Saccharomyces cerevisiae based on microarray data and to predict pathways of pulmonary disease in Homo sapiens. Many of the pathways suggested by the model are supported by the findings in the literature.               
Biological systems have been a rich source of inspiration for complex engineered systems, particularly when life-like features such as self-organization, self-repair, scalability and robustness are required. The morphogenesis of multi-cellular organisms, a biological design process governed by gene regulatory networks, cell-cell signaling and physical cellular interactions, provides an excellent example of scalable and robust self-organization of multi-part systems.  In their paper “An evolutionary system using development and artificial genetic regulatory networks for electronic circuit design”, Zhan et al present an evolutionary developmental approach to the design of digital circuits. The authors illustrate elegantly the way in which genetic and cellular mechanisms such as cell division, cell differentiation, protein diffusion, and modification of gene regulation can be implemented via genetic circuit design. The paper also shows that both positive and negative feedback loops in gene regulation contribute to the stabilization of gene expression in cellular systems. Last but not least, the paper “A cellular mechanism for multi-robot construction via evolutionary multi-objective optimization of a gene regulatory network” by Guo et al demonstrates another interesting application of biological developmental mechanisms for designing self-organizing collective systems. In this work, a gene regulatory network model is adopted to self-organize a multi-robot system for constructing shapes autonomously without a centralized control. The gene regulation based model is able to generate flexible shapes for an arbitrary number of robots, and the system is self-adaptive to changes in the system such as the number of robots, and to perturbations in the environment, such as moving obstacles. A multi-objective evolutionary algorithm was used to tune the parameters in the regulatory model to optimize the performance of the system. The paper also presents a theoretical proof showing that the states of the system, which represent the position of the mobile robots, are convergent to the target shape. This result represents a valuable step forward in applying bio-inspired algorithms to engineering problems, where a rigorous proof of the system's performance is often missing. 
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