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Editorial on the Research Topic 


Spatial ecology of cells living in micro-structured environments





Introduction

Communities of cells make up microbiomes as well as tissues of multi-cellular organisms. These communities are spatially explicit and therefore to understand their structure and how they assemble into functional units it is crucial to understand their spatial ecology (Tilman and Kareiva, 1998). To understand ecological systems special attention should be given to how patterns observable at one scale are the product of processes operating at another (Levin, 1992). Neither tissues of metazoa, which are made of eukaryotic cells, nor microbiomes which consist of tight associations between prokaryotes and eukaryotes are an exception to this framework. For this reason, landscape/spatial ecology approaches to cancer, where metastatic tumors are seen as spatial ecologies embedded in the metazoan physiology (ecosystem), are opening new avenues of research and treatment (Pienta et al., 2008; Keymer and Marquet, 2014; Amend et al., 2016). Inspired by these studies of cancer cell communities, and to further expand the application of ecology to spatially distributed cell systems in general, the aim of this Research Topic is to put a diverse collection of studies under the same focus. Namely, how the micron-scale spatial structure of the supporting environment (habitat landscape), operating at the scale of single cells, influences community assembly and functionality at the scales of collectives of cells composing tissues and microbiomes.

At the scale of single cells, tissues composed of eukaryotic cells as well as microbial communities are all spatially explicit ecologies occurring at a given location. In these loci, the micron-scale spatial structure of their environment determines the ecological niche (Grinnell, 1917) underlying their biological functioning. At a larger scale, that of a habitat landscape, cell death and birth/differentiation and migration in the context of tissue renewal processes or meta-community colonization-extinction dynamics occurring in microbiomes are also of critical importance to understand long-term structure. As we study these systems, the spatial, temporal, and phylogenetic grain and extent (Wiens, 1989; Ladau and Eloe-Fadrosh, 2019) of our observations are of crucial consideration. In Figure 1 we show a sketch of habitat locations (lower panel; green circles) which are created (and destroyed) by existing spatial gradients in the environment (top panel) and together compose a temporally varying, spatially distributed landscape (Keymer et al., 2000).




Figure 1 | The spatial, temporal, as well as phylogenetic grain and extent of a cell ecology. Habitat patches (green circles) have an intra-patch characteristic porosity  , as well as a scale for inter-patch adjacency relationship via ecological corridors (green line) connecting neighboring patches some distance (Δx) apart. The ability or inclination to trans-locate via ecological corridors is often a time dependent feature of the landscape, as in the case of varying nutrient gradients. Colonization-extinction processes for a generalist (Orange) and specialist (Purple) lifehistory strategy represent different scales of phylogenetic resolution co-occurring in this dynamic habitat landscape. Determining the appropriate domains of scale is dependent on the research questions in mind. For studying single cell migration, fine temporal and spatial grain is needed (See top middle patch). To study colonization-extinction dynamics of metapopulations in habitat landscapes a larger extent is necessary.



Overall the present topic addressed how micron-scale spatial structure of the environment influences the ecology of the cells inhabiting it. We present a diverse Research Topic spanning the three domains of life and encompassing differing levels of ecological organization, from the autecology of single cells to populations and communities.





Autecology

In line with the perspective of the Grinnelian Niche (Grinnell, 1917), the approach of autecology considers the relationship of organisms (cells) as individuals and their biotic and abiotic environment. Investigations in this field focus primarily on the adaptations, requirements and tolerances of individuals with respect to their surroundings. In turn how do the physio-chemical characteristics of the external environment shape the physiology, morphology and behavior of individuals and secondarily, the distributions of populations in space and time (Figure 1). In the present topic two studies illustrate how this perspective is of significant value.

For instance, Kasahara et al. implement microfabrication techniques to develop and characterize a microfluidics cultivation device allowing them to precisely control environmental oxygen availability. They demonstrate the capabilities of this newly integrated on-chip environment by following the single cell physiological and growth dynamics of Escherichia coli in aerobic and anaerobic conditions. E. coli is a facultative anaerobe (Stolper et al., 2010), thus preferential growth conditions include adequate oxygen for aerobic respiration. Extending the results of this microfluidic approach may glean an insight into the role of oxygen gradients in complex spatially structured communities like biofilms (Kannan et al., 2023).

For planktonic E. coli the search for ideal oxygen conditions is also of significant importance. This is manifest in the costly investment of the signal transduction network of the chemotaxis system including oxygen specific receptors (Berg, 2004). By capturing the correct spatial and temporal grain and extent the careful observer can facilitate connections between single cell foraging behavior and population distributions. Locally, and under sufficiently long temporal extent, depletion of oxygen by present aerobic respirators will create conditions for ecological succession of redox processes (Chen et al., 2017).

Differences in physical structure can also induce shifts in the physiological and behavioral response of cells. In eukaryotic cells this feedback between cell and environment makes up the stem cell niche (Li and Xie, 2005). In the present topic, Kimmle et al. demonstrate how varying the amount of gelatin nanofibers in the microenvironment of mouse pluripotent, embryonic stem cells can impact migration, dynamic deformation and adhesion properties. In general, sparse gelatin nanofiber surfaces permit faster dispersal and the least restriction on dynamic cell deformation. Connecting these results to the longer-term biological function of stem cells including self-renewal and cell differentiation will be of great importance for characterizing single stem cell niches as well as describing tissues and organs as networks of spatially repeating stem cell niches (see Figure 1 in Keymer and Marquet, 2014).





Populations & communities

Scaling up from the autecology of single cells to populations new organizational phenomena come to the fore. For multicellular eukaryotes, this can include morphogenesis and cancer progression. A detailed review of how inter-cellular adhesion plays a role in such processes is presented in this topic by Montel et al.

For prokaryotes such as E. coli, traveling population waves emerge as a macroscopic consequence of chemotaxis driven motility behavior of individual cells (Adler, 1969; Saragosti et al., 2011). These waves drive migration in the direction of nutrient gradients. How spatial heterogeneity influences single cell foraging (Bhattacharjee and Datta, 2019) and population level processes (Wolfe and Berg, 1989; Mattingly and Emonet, 2022) is a subject of great interest. In the present topic, Wetherington et al. consider how variance of ecological corridor properties and thus landscape connectivity shift the long-term distribution of E. coli metapopulations. Discerning the processes leading to distributional shifts as a result of landscape connectivity will require a much smaller temporal grain. Interpreting how finer-scale processes propagate to this mesoscopic (landscape-level) spatial scale will include relating individual foraging behavior to population level migration. Stepping back to see the bigger picture, macroecological results acquired with larger spatial grain and phylogenetic extent (Grilli, 2020) seem to convey more general system properties, suggesting a crossover from mesoscopic to macroscopic domains of scale.

Relevant to this discussion, an example of landscape connectivity dynamics (Keymer et al., 2000) at play is addressed in this topic by the work of Bian et al. where they study the effects of pulsed inputs of labile organic carbon (LOC) on community productivity with respect to soil moisture and available native soil organic matter (SOM). Acting as a stand-in as a connectivity parameter in a more generic sense (Stauffer and Aharony, 2018) it is not entirely surprising that moderate levels of water holding capacity leads to optimal proportions of LOC : SOM utilization. Their work adds further evidence to the importance of moisture content as a key indicator of connectivity and productivity in soil landscapes (Tecon and Or, 2017). In this same light, in the present topic, Keuschnig et al. investigate the relationship between soil aggregate size and microbial community composition. Their work uses a micro-fractionation approach which allows them to maintain and filter microbial communities by their respective soil aggregate sizes. This work pertains to much of what has been discussed above, including oxygen and other nutrient gradients, spatial structure as an environmental filter and gauge for migration capabilities.





Final remarks

In the current Research Topic, we collect six ostensibly disparate studies of cell communities that can be brought together under the perspective of spatial biology and landscape ecology. We hope this topic provides insights on the powerful conceptual framework ecology has to offer to understand an otherwise diverse set of biological systems from a common perspective.
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