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Microorganisms follow us everywhere, and they will be essential to sustaining long-term human space exploration through applications such as vitamin synthesis, biomining, and more. Establishing a sustainable presence in space therefore requires that we better understand how stress due to the altered physical conditions of spaceflight affects our companion organisms. In microgravity environments such as orbital space stations, microorganisms likely experience the change in gravity primarily through changes in fluid mixing processes. Without sedimentation and density-driven convection, diffusion becomes the primary process governing the movement of growth substrates and wastes for microbial cells in suspension culture. Non-motile cells might therefore develop a substrate-deficient “zone of depletion” and experience stress due to starvation and/or waste build-up. This would in turn impact the concentration-dependent uptake rate of growth substrates and could be the cause of the altered growth rates previously observed in microorganisms in spaceflight and in ground-simulated microgravity. To better understand the extent of these concentration differences and their potential influence on substrate uptake rates, we used both an analytical solution and finite difference method to visualize concentration fields around individual cells. We modeled diffusion, using Fick’s Second Law, and nutrient uptake, using Michaelis–Menten kinetics, and assessed how that distribution varies in systems with multiple cells and varied geometries. We determined the radius of the zone of depletion, within which cells had reduced the substrate concentration by 10%, to be 5.04 mm for an individual Escherichia coli cell in the conditions we simulated. However, we saw a synergistic effect with multiple cells near each other: multiple cells in close proximity decreased the surrounding concentration by almost 95% from the initial substrate concentration. Our calculations provide researchers an inside look at suspension culture behavior in the diffusion-limited environment of microgravity at the scale of individual cells.
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Introduction

The expansion of space travel by both space agencies and private companies, as well as current plans to send astronauts back to the Moon for the first time in decades, have recently increased the relevance and traction of space microbiology. Humans carry 10–100 trillion cells of microorganisms on and within our bodies (Ursell et al., 2012). As humanity travels to space, we have no say in whether or not microbes accompany us: they will (Lopez et al., 2019). Moreover, microbes in space are of interest for their potential role in sustaining human life during long-term missions. For example, microbes may play a role in the process of In Situ Resource Utilization (ISRU), as in biomining (Gumulya et al., 2022) or the conversion of methane waste into biomass (NASA Technology Transfer, n.d.). They will also likely be the first organisms employed in the in situ production of foods and pharmaceuticals, and in environmental life support systems (Berliner et al., 2021; Keller et al., 2021; Liu et al., 2021; McNulty et al., 2021).

Because microbes play a crucial role in our journey to space, numerous experiments have been carried out in spaceflight and in simulated microgravity experiments on Earth to characterize microbes’ biological response to space conditions. A particularly puzzling feature of the space environment is the effect of microgravity on microbes, as there is no evidence that bacteria can detect the force of gravity directly, but they have been shown to respond to altered gravity conditions (Horneck et al., 2010; Bijlani et al., 2021; Wang et al., 2022). Numerous studies have reported differences in gene expression, antibiotic resistance, and virulence in spaceflight (Nickerson et al., 2003; Wilson et al., 2007; Aunins et al., 2018). At the scale of the microbial cell, the primary effects of microgravity may be due to alterations in the physical conditions that surround them, such as differences in mass transport (Todd, 1989; Klaus et al., 1997, 2004).

In liquid suspension culture, microbes experience a different physical environment in 1 g compared to microgravity. Within Earth’s gravity, mixing can occur as a result of two forces. First, natural convection occurs when density is not homogenous throughout the entirety of the fluid, due to factors such as temperature or solute concentration, and the force of gravity brings denser fluid downward. Second, passive diffusion leads to mixing based on concentration gradients. When density-driven convection brings low- and high-concentration regions of fluid in close contact, mixing may be rapid. However, in a quiescent fluid in microgravity, density-driven convection ceases to occur and the mixing of nutrients in the culture becomes diffusion-limited. Thus, it is theorized that a non-motile cell creates a “zone of depletion” surrounding itself as it consumes growth substrates, if nutrient uptake occurs faster than the substrate can diffuse into the zone (Figure 1) (Todd, 1989; Klaus et al., 1997, 2004). Analyses showing different responses from motile cells (which can disrupt the quiescent medium and/or escape the depletion zone) and non-motile cells support this theory (Benoit and Klaus, 2007). Similarly, the changes in mass transport in microgravity would also lead to waste product accumulation surrounding the cell, which could similarly contribute to the changes in phenotype discussed earlier.

[image: Figure 1]

FIGURE 1
 Nutrient uptake and distribution in a suspension culture in 1 g (top) and microgravity (bottom). Blue circles represent molecules of a growth substrate, consumed (black arrows) by the red bacterial cell. Red arrows represent mixing of substrate due to density-driven convection, which does not occur in quiescent fluids in microgravity. Figure generated using BioRender.


Rotating Wall Vessels (RWVs), devices typically used to simulate microgravity for ground-based microbiology experiments, are designed to mimic the quiescent environment of microgravity by balancing forces to keep cells within their zone of depletion (Hammond and Hammond, 2001; Klaus, 2001). RWVs are a form of clinostat rotating in a 2-dimensional plane, and many forms have been used in experiments, including both deep cylindrical (Allen et al., 2022) and shallow wide (Chao and Das, 2015) devices. (Other microgravity simulation devices, such as 3D clinostats and random positioning machines, involve more complex fluid dynamics and are not discussed here (Wuest et al., 2017). And while there are many spaceflight settings in which cells are in dry, surface-attached, or mechanically mixed environments, the fluid environment is relevant to numerous applications, from fundamental biological experiments in CubeSat microfluidic culture devices (Bluck, 2007; Ricco et al., 2020), to bioreactors that omit stirring for ease of operation and reliability, such as those used for the BioNutrients project (Tabor, 2022), or those that employ perfusion technology to increase mass transport (Mozdzierz et al., 2015).

Unfortunately, it is difficult to test the depletion zone theory directly, since doing so would require measuring concentrations of nutrients directly surrounding an individual cell. Therefore, we explored computational modeling as a means to calculate the theoretical magnitude, extent, and temporal dynamics of this nutrient-deficient zone for single and multiple cells, and its potential effect on cells’ nutrient uptake rates. Similar work has previously been carried out in the context of understanding nutrient uptake by marine plankton; however, these works have typically focused on individual cells (Lazier and Mann, 1989; Karp-Boss et al., 1996). We recognized that space applications may involve growing microbes in suspension culture to densities at which cells will be within a few micrometers of each other (for example, at a typical experimental population of 107 cells/mL, cells are on average only 46 μm apart), and therefore we sought to quantify how each cell’s nutrient consumption might affect its neighbor. Understanding chemical gradients can provide insight into their potential importance as one of the mechanisms behind microbial behavior in spaceflight and enable more accurate simulations of microgravity in ground-based experiments.



Materials and methods


Application of Fick’s second law

The first equation incorporated in this model is Fick’s Second Law, which describes the diffusion of a solute in a fluid medium. This is given in Equation (1), where φ is the concentration of the solute, t is time, and D is the diffusivity of the solute in the given medium. The partial derivative of φ with respect to t (left-hand side) is related to D and the Laplacian (second spatial derivative) of φ (right-hand side).
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Analytical solution: “One cell in infinite medium”

First, we tested an analytical solution derived from Fick’s Second Law that describes diffusion from a continuous source in infinite media (Crank, 1979), shown in Equation (2). In our system, the source takes a negative value (therefore, acts a sink), and represents the uptake rate of nutrient by the cell. As in Equation (1), φ represents the concentration of solute at a given point (mmol); D is the diffusivity of a specific solute in a specific medium (cm2/s); and t is the time since the source’s start (sec). Vmax denotes the value for this source (mmol/g/h, originally, but we converted to mmol/cell/s by multiplying by the average weight of an Escherichia coli cell and dividing by the number of seconds in an hour). r is the radial distance from the source (cm). We used parameters corresponding to non-motile E. coli cells growing in M9 glucose medium (see “Parameters” below) to calculate φ at each value of r from 0.018 to 2 cm in steps of 0.018 cm, for each value of t from 0 to 2 days in steps of 1 s.
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Finite difference method: “One or more cells per slice”

In order to be able to model multiple cells and to incorporate temporally dynamic feedback between uptake rates and concentrations, we used Finite Difference Method (FDM) to solve Fick’s Second Law at each time step. FDM allows for the approximation of partial differential equations by utilizing boundary and initial conditions. Space and time are discretized into finite steps, and the solution at each discrete step is approximated using algebraic equations containing finite differences and values from nearby points. FDM is applied in Equation (3), which is an expansion of Equation (1) in 2D Cartesian coordinates (x, y).

[image: image]

The parameters φ, t, and D are as previously stated. The right hand of the equation is expanded to account for diffusion in each cartesian direction.

It should be noted that our FDM implementation models in pseudo-2D, where our system is essentially a repeating slice of 3-D space. Physically, we are showing a cross-section of a 3-D system with definite x, y bounds, but an indefinite z axis. We assume that the concentration gradient with respect to the z axis is zero: materials are equally likely to diffuse in either z direction. Therefore, we are solving for Fick’s Second Law in two dimensions, x and y, shown in Equation (3). This is equivalent to what we might expect if we had a string of cells, one per slice, where the slice repeats in both z-directions indefinitely.

In our model, the microbial cell was treated as a point source on the slice that takes in a finite number of moles per second, with the point of uptake located at the center of the cell. The algebraic equation used for FDM is given in Equation (4), representing the forward-time central-space (FTCS) explicit scheme.

[image: image]

Dx and Dy are the size of the discretized space in the x, y directions, respectively. We carried out calculations using 180 μm as δx and δy. The size of the domain is 2 cm by 2 cm. δt is the time step and is set at 10 milliseconds. Values for δx, δy, and δt and the size of the domain were determined using convergence studies (Supplementary material). We modeled an E. coli cell and estimated it to be 1 μm in diameter (El-Hajj and Newman, 2015), so for visualization purposes we ignore the values for concentration within that space: for figures showing substrate concentrations, the value at the center of the cell (which was dictated by the concentration-dependent uptake rate) is displayed as an average of the four values surrounding it on the x, y plane, so that the plots do not show the discontinuity at the point of uptake.



Application of Michaelis–Menten uptake dynamics

The second major component of the model describes a cell’s uptake rate of a nutrient. This rate is related to the surrounding concentration, as dictated by the classic Michaelis–Menten binding kinetics (Johnson and Goody, 2011) given in Equation (5). On a biological level, in the limit of large substrate (i.e., nutrient) concentration, all of the transport channels become occupied with substrate, so the limiting factor in uptake rate is the number of channels in the cell and the rate that they can transport, accounted for in the parameter Vmax (in mmol/s). In the limit of small nutrient concentration, the uptake is limited by the receptor transport rate and the number of receptors, where these two factors are accounted for with parameters Vmax and Km (in mM), and the concentration of substrate at the cell surface ([image: image], in mM). Note that if substrate concentration, [image: image], is very high in comparison to the value of the Michaelis–Menten constant, Km, the rational expression in parentheses approaches 1, and the rate, V, approaches its maximum value, Vmax.

[image: image]

The FDM model used in our study accounts for the interdependence of these two equations by alternately solving for the diffusion of nutrient and determining the Michaelis–Menten uptake rate per each time step. The analytical solution in Equation (2) does not account for the relationship in Equation (5), but rather assumes that V = Vmax at all times.



MATLAB computations

The process for the FDM model proceeds as follows: first, time and space are discretized, variables are initialized, and the system orientation (number of cells and layout) is chosen. Then, the model calculates the initial setup of the system, where the concentration at each x, y location is equal to the initial value. Next, the uptake rate for each cell is determined by the Michaelis–Menten equation, where substrate concentration is defined as the average of the four values surrounding the uptake point (cell center); that uptake rate is allocated to the cell center location. Then, the model uses FDM to calculate the concentrations at each x, y location at the next time step, after the cell consumes its pre-allocated amount based on the Michaelis–Menten kinetics at initial conditions. A new uptake rate is determined by the Michaelis–Menten equation using the new surrounding concentration average, and that rate is the new value for the cell center. The process repeats for each time step, until the model reaches steady state. Steady state is defined as the point at which the change in the average concentration at the cell surface is less than 0.1 μM per timestep, which was decided by the use of convergence studies (Supplementary material).

All computations were carried out and figures generated in MATLAB version R2022a (Update 2), with no additional add-ons or toolboxes. The code is provided in Supplementary material.



Parameters

This model simulates a cell or multiple cells of non-motile E. coli growing in M9 minimal medium with 22 mM glucose (Cold Spring Harbor Protocols, 2010). This concentration was used for the initial values for the entirety of the space at the initial time step, and was the value fixed at the boundaries of the domain. Calculations were carried out in terms of absolute numbers of molecules rather than concentrations; the concentration 22 mM corresponds to 7.14 × 10−9 mmol per spatial segment as each has a discrete volume of 3.25 × 10−10 l. For ease of interpretation in reporting results, mmol were converted back again into mM by dividing by volume. Other parameters were as follows: D, the constant diffusivity of glucose in water, 600 μm2/s (Adam, 1946); Vmax, the maximum uptake rate of glucose by the E. coli in suspension, 10 mmol/g/h (Harcombe et al., 2014); and Km, the Michaelis–Menten constant of glucose uptake by E. coli, 1.75 μM (Natarajan and Srienc, 1999).

We were unable to find experimental data for the diffusivity of glucose in M9 minimal medium, so we used the diffusivity of glucose in water because the composition of M9 medium is greater than 99% (w/v) water (Cold Spring Harbor Protocols, 2010). The Stokes-Einstein equation describes the diffusivity of a particle in a solvent as a function of temperature (T), viscosity of the fluid (η), and particle radius (r), where kB is the Boltzmann constant (Coglitore et al., 2017; Equation 6).

[image: image]

This relationship applies when the system has a low Reynolds number, as in the quiescent environment of microgravity; and when the molecules of the solvent are much smaller than that of the solute, as for the water-glucose system [water measures about 2.8 Å (D’Arrigo, 1978), while the diameter of a ring-form glucose molecule is about 8.6 Å (Uri, n.d.)]. Given the Stokes-Einstein equation, the only factor that would result in a difference in D between M9 and water would be viscosity, η; and we assume this to be negligible, given the low concentration of solutes in M9. In addition, the molecular weight of M9 solutes is sufficiently small that we do not expect them to impact diffusivity substantially, since as solute size and complexity decrease, the impact on diffusivity decreases as well (Chan et al., 2015).




Results


One cell in infinite medium

To examine the impact of nutrient uptake and diffusion on the fluid environment, we initially used a previously published analytical solution to model a single cell in suspension culture (Crank, 1979). We found that glucose concentrations surrounding the cell decreased by less than 100 nM. The definition of steady state we developed for the FDM model was therefore not applicable, but we found that concentrations appeared to converge on a steady state after approximately 2 days of simulation time (Figure 2). As mentioned previously, these results do not account for concentration-dependent cell uptake rates.

[image: Figure 2]

FIGURE 2
 (Left) Concentration of glucose in medium at a distance of 0.2 mm from the center of a single Escherichia coli cell, as it changes over time. (Right) Concentration of glucose surrounding that cell at steady state, 2 days from initiation.




One cell per slice

Because the analytical solution assumes a single cell in infinite medium with a constant glucose uptake rate, we had to use a different method to investigate scenarios more relevant to space biological applications. We therefore used the Finite Difference Method to track the change in glucose concentration surrounding the cell center dynamically, as it changed over time in feedback with changing cell uptake rates, until concentrations reached steady state (Figure 3). The system reached steady state at 46,440 s (or almost 13 h) of simulated time; at this time, the average concentration adjacent to the cell surface had decreased to 6.322 mM, which was a 71.3% decrease from the original 22 mM concentration in the medium. This surrounding concentration decreased the cell’s glucose uptake rate by 0.0277%. The depletion zone (which we defined as more than a 10% decrease in surrounding concentration) extended to a radius of 5.04 mm around the cell.

[image: Figure 3]

FIGURE 3
 (Left) Average glucose concentration over time at a distance of 0.2 mm from the center of an E. coli cell in M9 medium. (Right) Surface plot showing glucose concentration across x, y space in the vicinity of the cell. Concentration is shown both on the z-axis and in the color gradient.




Two cells per slice

We next examined how a cell can influence a neighbor’s environment by modeling pairs of cells at varying distances from each other, testing this model with cells located 2, 4, or 6 spatial steps apart (360, 720, and 1,080 μm apart). For all scenarios, we examined the change in uptake rate over time (following Michaelis–Menten kinetics), and at steady state we assessed the concentration surrounding the cell, the concentration between the two cells, and the size of the depletion zone around a cell (Table 1; Figure 4).



TABLE 1 Results from FDM calculation of glucose concentrations surrounding two non-motile Escherichia coli cells in M9 medium in diffusion-limited microgravity suspension culture, at varying distances from each other.
[image: Table1]

[image: Figure 4]

FIGURE 4
 Surface plots showing glucose concentration field around a set of four cells in the linear configuration (left) or square configuration (right). Although cells are 360 μm apart from each other, cells in both configurations form one deep concentration gradient. Glucose concentration is shown both on the z-axis and in the color gradient.


We found that there is a synergistic effect in substrate uptake when two cells are close together: where an individual cell decreases its local glucose concentration to 6.322 mM before reaching steady state, two cells spaced 1,080 μm apart deplete it to 5.805 mM at the center between them (Table 1). And the effect of proximity increases with decreasing distance, up to the theoretical maximum of two adjacent cells (360 μm apart), which deplete their local glucose to 2.204 mM between them. However, the radius of each cell’s 10% depletion zone decreases when it gets nearer to its neighbors, to a minimum of 5.58 mm.



Four cells per slice

To further explore the synergistic effects of multiple cells on local substrate concentrations, we performed a similar analysis on a four-cell system with different spatial distributions: four cells in a line with sequential separations of two spatial steps; and a square shape distribution where each cell is located at the square’s vertex, and the square has a side length of 2 spatial steps. We found that the square distribution led to lower glucose concentrations between cells (Table 2; Figure 5).



TABLE 2 Results from finite difference method (FDM) calculation of glucose concentrations surrounding four non-motile E. coli cells in M9 medium in diffusion-limited microgravity suspension culture, in different spatial configurations.
[image: Table2]

[image: Figure 5]

FIGURE 5
 Relationship between uptake rate and substrate concentration for E. coli consuming glucose, based on Michaelis–Menten uptake dynamics, shown on a linear scale (left) and log-linear (right). At steady state, the activity of single cells and small numbers of cells result in surrounding concentrations that in turn result in uptake rates very close to Vmax.




Glucose uptake rates

In all of the systems described above, the changing concentrations changed glucose uptake rates very little. Even at the closest orientation of two cells we tested, the uptake rate decreased by less than 0.1% from the original uptake rate at 22 mM glucose; and the change in uptake rate was similar for the four-cell system. This agrees with expectations, given the very low Km value for glucose uptake by E. coli. Km describes the concentration of a substrate at which uptake is half of Vmax; because Km is low relative to experimentally relevant glucose concentrations, most concentrations we calculated fell in the plateau region of the Michaelis–Menten curve where uptake rate is close to Vmax and changes little with changing concentration (Figure 5).




Discussion

Our results illustrate the degree to which cells in diffusion-limited environments such as microgravity can deplete growth substrates in their surrounding environment. The aim of this work was to generate quantitative information that would allow researchers to calculate the impact of these concentrations on cell behavior; and readers are welcome to implement the code we have developed (Supplementary material) to study similar processes in their organisms and media of interest.

Microgravity is not the only context in which these concentration gradients are relevant. An individual microbial cell growing in any fluid environment on Earth is inevitably surrounded by a diffusive boundary layer, and the smaller the organism, the larger the role this layer plays in determining chemical flux to the cell. Others have previously calculated the contributions of sinking, swimming, and turbulence for increasing nutrient fluxes to planktonic cells in environments with gravity, relative to diffusion alone (Purcell, 1978; Lazier and Mann, 1989; Karp-Boss et al., 1996; Guasto et al., 2012). In addition, substrate diffusion is a key process regulating growth, physical structure, and phenotypic heterogeneity in microbial colonies growing on solid substrates such as laboratory agar culture plates, and in the microbial communities of naturally occurring biofilms (Harcombe et al., 2014; Nadell et al., 2016; Julou et al., 2020).

The values we calculated for glucose concentrations surrounding a single cell using FDM differed substantially from those calculated using the analytical solution. This is likely because of the difference in the way the spatial dimensions are treated: as described above, the analytical solution assumes diffusion in all directions, whereas our implementation of FDM assumes diffusion only in the x–y plane, as though our single cell and its surroundings were a slice that is repeated indefinitely in the z direction. While in the single-cell case this scenario may overestimate the effect of glucose consumption on concentrations, in environments crowded with cells it becomes a closer approximation of reality. And environments with multiple cells in close proximity are precisely those that we aimed to investigate with this implementation.

It important to acknowledge that we defined the depletion zone arbitrarily as more than a 10% decrease from initial substrate concentration, but defining the biological effects of that particular concentration decrease is outside the scope of this study. We did examine the effect of concentration on uptake rate and found very little change, due to the low Km value for glucose by E. coli, 1.75 μM. This is notable especially given the fact that the FDM model likely overestimates the changes in glucose concentration. However, in scenarios different from those modeled here, such as other media and substrates, other cells, and other orientations, concentrations surrounding the cell might approach values that could influence uptake and/or growth rates. We used E. coli for this study because it is a well-studied model organism common in fundamental spaceflight research, but the influence of microgravity on bulk exchange is also of particular interest to microbial synthetic biology using diverse other chassis organisms (e.g., yeast, algae, Streptomyces, Bacillus). In the future such situations could be tested, as our model allows for parameters to be easily changed.

In the same vein, we have demonstrated the importance of interactions between neighboring cells. Even when cells are as far as 1,080 μm apart (from center to center of cell), the regions from which they consume glucose overlap enough to render their zones of depletion deeper (lower glucose concentrations) and wider (the radius of the 10% zone increases). The system of four cells told a similar story: groups of microbes located closely together have a synergistic effect that results in steeper concentration gradient than single cells standing alone in the medium. The difference we observed when increasing cell numbers from one to two to four, and from linear to square orientation, hinting at the results we might observe as a culture approaches high cell density and thousands of cells clustered with their zones overlapping, in the form of a three-dimensional colony. And the colony realm might in fact be very relevant to suspension culture in the space environment: when cells are non-motile and are not pushed away from each other by convection, cells in suspension culture in microgravity or in a RWV may spend most of their time not in isolation but rather as microcolonies.

Understanding the size and extent of the depletion zone has practical relevance to those seeking to understand the reasons for microbes to show altered phenotypes in microgravity, especially via experiments involving the simulation of microgravity on Earth. Rotating Wall Vessels (RWV) operate under the assumption that they provide a similar fluid environment to that of true microgravity by ensuring that cells travel in small circular paths that stay within their depletion zones (Hammond and Hammond, 2001; Klaus, 2001). Our results may be paired with calculations estimating the path traveled by microbial cells in RWVs (Allen et al., 2022) to aid in experimental design for future ground-based microgravity research.

Overall, our model provides important context for researchers attempting to understand what cells in suspension experience in microgravity and how these conditions affect them. Further research using the same methods to simulate other systems, possibly with an expansion to true 3D, would aid in improving our understanding of the big picture of the chemical environment surrounding a cell in microgravity. Our model could also be applied to an inverse problem, to calculate concentrations of waste products excreted by cells. Additionally, it could provide insight into communities that exchange growth nutrients, signaling compounds, or antibiotic toxins used in cell–cell competition—relationships that could be affected by these microgravity-induced concentration gradients. Pairing quantitative modeling tools with experimentation will allow us to probe more diverse questions and increase the value of spaceflight research.



Data availability statement

The original contributions presented in the study are included in the article and/or Supplementary material; further inquiries can be directed to the corresponding author.



Author contributions

JG and JL conceptualized the research question and wrote the manuscript. JG conceptualized and wrote the code for the project, and carried out the analysis and interpretation of results. JL provided the supervision. TL and JB gave advice on methodology and analysis, and reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by the NASA Biological and Physical Sciences Division (BPS) through the Space Life Sciences Training Program (SLSTP), the NASA Ames Office of STEM Engagement, the NASA BPS Space Biology Program through grant opportunity NNH20ZDA001N-SB, and a MathWorks Teaching Fellowship.



Acknowledgments

The authors would like to acknowledge Maha Ulhaq, Daniel Palacios, and Rocky An for feedback on the project. We would also like to thank Sigrid Reinsch, Hami Ray, Iris Irby, and Brooke Shepard for coordination and support during the Space Life Sciences Training Program (SLSTP).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1155726/full#supplementary-material



References

 Adam, N. K. (1946). Physical Chemistry of Cells and Tissues. Nature 158, 358–359. doi: 10.1038/158358a0

 Allen, L. A., Kalani, A. H., Estante, F., Rosengren, A. J., Stodieck, L., Klaus, D., et al. (2022). Simulated micro-, lunar, and Martian gravities on earth—effects on Escherichia coli growth, phenotype, and sensitivity to antibiotics. Life 12:1399. doi: 10.3390/life12091399 

 Aunins, T. R., Erickson, K. E., Prasad, N., Levy, S. E., Jones, A., Shrestha, S., et al. (2018). Spaceflight modifies Escherichia coli gene expression in response to antibiotic exposure and reveals role of oxidative stress response. Front. Microbiol. 9:310. doi: 10.3389/fmicb.2018.00310 

 Benoit, M. R., and Klaus, D. M. (2007). Microgravity, bacteria, and the influence of motility. Adv. Space Res. 39, 1225–1232. doi: 10.1016/j.asr.2006.10.009

 Berliner, A. J., Hilzinger, J. M., Abel, A. J., McNulty, M. J., Makrygiorgos, G., Averesch, N. J. H., et al. (2021). Towards a biomanufactory on Mars. Front. Astron. Space Sci. 8. doi: 10.3389/fspas.2021.711550

 Bijlani, S., Stephens, E., Singh, N. K., Venkateswaran, K., and Wang, C. C. C. (2021). Advances in space microbiology. IScience 24:102395. doi: 10.1016/j.isci.2021.102395 

 Bluck, J. (2007). “NASA–GeneSat-1.” Feature Articles, Other. Brian Dunbar. Available at: https://www.nasa.gov/centers/ames/missions/2007/genesat1.html (Accessed March 26, 2007).

 Chan, T. C., Li, H. T., and Li, K. Y. (2015). Effects of shapes of solute molecules on diffusion: a study of dependences on solute size, solvent, and temperature. J. Phys. Chem. B 119, 15718–15728. doi: 10.1021/acs.jpcb.5b10550 

 Chao, T.-C., and Das, D. B. (2015). Numerical simulation of coupled cell motion and nutrient transport in NASA’s rotating bioreactor. Chem. Eng. J. 259, 961–971. doi: 10.1016/j.cej.2014.08.077

 Coglitore, D., Edwardson, S. P., Macko, P., Patterson, E. A., and Whelan, M. (2017). Transition from fractional to classical Stokes–Einstein behaviour in simple fluids. R. Soc. Open Sci. 4:170507. doi: 10.1098/rsos.170507 

 Cold Spring Harbor Protocols (2010). M9 Minimal Medium (Standard). Cold Spring Harb. Protoc. 2010:pdb.rec12295. doi: 10.1101/pdb.rec12295

 Crank, J. (1979). The Mathematics of Diffusion. Oxford Science Publications. Clarendon Press.

 D’Arrigo, J. S. (1978). Screening of membrane surface charges by divalent cations: an atomic representation. Am. J. Phys. 235, C109–C117. doi: 10.1152/ajpcell.1978.235.3.C109 

 El-Hajj, Z. W., and Newman, E. B. (2015). How much territory can a single E. coli cell control? Front. Microbiol. 6. doi: 10.3389/fmicb.2015.00309 

 Guasto, J. S., Rusconi, R., and Stocker, R. (2012). Fluid mechanics of planktonic microorganisms. Annu. Rev. Fluid Mech. 44, 373–400. doi: 10.1146/annurev-fluid-120710-101156

 Gumulya, Y., Zea, L., and Kaksonen, A. H. (2022). In situ resource utilisation: the potential for space biomining. Miner. Eng. 176:107288. doi: 10.1016/j.mineng.2021.107288

 Hammond, T. G., and Hammond, J. M. (2001). Optimized suspension culture: the rotating-wall vessel. Am. J. Physiol-Renal Physiol. 281, F12–F25. doi: 10.1152/ajprenal.2001.281.1.F12 

 Harcombe, W. R., Riehl, W. J., Dukovski, I., Granger, B. R., Betts, A., Lang, A. H., et al. (2014). Metabolic resource allocation in individual microbes determines ecosystem interactions and spatial dynamics. Cell Rep. 7, 1104–1115. doi: 10.1016/j.celrep.2014.03.070 

 Horneck, G., Klaus, D. M., and Mancinelli, R. L. (2010). Space Microbiology. Microbiol. Mol. Biol. Rev. 74, 121–156. doi: 10.1128/MMBR.00016-09 

 Johnson, K. A., and Goody, R. S. (2011). The original Michaelis constant: translation of the 1913 Michaelis-Menten paper. Biochemistry 50, 8264–8269. doi: 10.1021/bi201284u 

 Julou, T., Zweifel, L., Blank, D., Fiori, A., and van Nimwegen, E. (2020). Subpopulations of sensorless bacteria drive fitness in fluctuating environments. PLoS Biol. 18:e3000952. doi: 10.1371/journal.pbio.3000952 

 Karp-Boss, L., Boss, E., and Jumars, P. (1996). Nutrient fluxes to planktonic osmotrophs in the presence of fluid motion. Oceanogr. Mar. Biol. 34, 71–107.

 Keller, R. J., Porter, W., Goli, K., Rosenthal, R., Butler, N., and Jones, J. A. (2021). Biologically-based and physiochemical life support and in situ resource utilization for exploration of the solar system—reviewing the current state and defining future development needs. Life 11:844. doi: 10.3390/life11080844 

 Klaus, D. M. (2001). Clinostats and bioreactors. Gravit. Space Res. 14, 55–64.

 Klaus, D. M., Benoit, M. R., Nelson, E. S., and Hammond, T. G. (2004). Extracellular mass transport considerations for space flight research concerning suspended and adherent in vitro cell cultures. J. Gravit. Physiol. 11, 17–27.

 Klaus, D., Simske, S., Todd, P., and Stodieck, L. (1997). Investigation of space flight effects on Escherichia coli and a proposed model of underlying physical mechanisms. Microbiology 143, 449–455. doi: 10.1099/00221287-143-2-449

 Lazier, J. R. N., and Mann, K. H. (1989). Turbulence and the diffusive layers around small organisms. Deep Sea Res. A. Oceanogr. Res. Papers 36, 1721–1733. doi: 10.1016/0198-0149(89)90068-X

 Liu, H., Yao, Z., Yuming, F., and Feng, J. (2021). Review of research into bioregenerative life support system(s) which can support humans living in space. Life Sci. Space Res. 31, 113–120. doi: 10.1016/j.lssr.2021.09.003 

 Lopez, J. V., Peixoto, R. S., and Rosado, A. S. (2019). Inevitable future: space colonization beyond earth with microbes first. FEMS Microbiol. Ecol. 95:fiz127. doi: 10.1093/femsec/fiz127 

 Uri, M. (n.d.). “Size of glucose ring molecule-BNID 110368.” B10Numb3R5: The Database of Useful Biological Numbers. Available at: https://bionumbers.hms.harvard.edu/bionumber.aspx?id=110368 (Accessed March 10, 2023).

 McNulty, M. J., Xiong, Y. M., Yates, K., Karuppanan, K., Hilzinger, J. M., Berliner, A. J., et al. (2021). Molecular pharming to support human life on the moon, Mars, and beyond. Crit. Rev. Biotechnol. 41, 849–864. doi: 10.1080/07388551.2021.1888070 

 Mozdzierz, N. J., Love, K. R., Lee, K. S., Lee, H. L. T., Shah, K. A., Ram, R. J., et al. (2015). A perfusion-capable microfluidic bioreactor for assessing microbial heterologous protein production. Lab. Chip 15, 2918–2922. doi: 10.1039/c5lc00443h 

 Nadell, C. D., Drescher, K., and Foster, K. R. (2016). Spatial structure, cooperation and competition in biofilms. Nat. Rev. Microbiol. 14, 589–600. doi: 10.1038/nrmicro.2016.84 

 NASA Technology Transfer. (n.d). “In-situ resource utilization (ISRU): methylotrophic microorganisms expressing soluble methane monooxygenase proteins|T2 portal.” Available at: https://technology.nasa.gov/patent/TOP2-283 (Accessed July 8, 2022).

 Natarajan, A., and Srienc, F. (1999). Dynamics of glucose uptake by single Escherichia coli cells. Metab. Eng. 1, 320–333. doi: 10.1006/mben.1999.0125 

 Nickerson, C. A., Mark Ott, C., Wilson, J. W., Ramamurthy, R., LeBlanc, C. L., Höner, K., et al. (2003). Low-shear modeled microgravity: a global environmental regulatory signal affecting bacterial gene expression, physiology, and pathogenesis. J. Microbiol. Methods 54, 1–11. doi: 10.1016/S0167-7012(03)00018-6 

 Purcell, E. M. (1978). The effect of fluid motions on the absorption of molecules by suspended particles. J. Fluid Mech. 84, 551–559. doi: 10.1017/S0022112078000324

 Ricco, A. J., Maria, S. R. S., Hanel, R. P., and Bhattacharya, S. (2020). BioSentinel: A 6U Nanosatellite for Deep-Space Biological Science. IEEE Aerospace and Electronic Systems Magazine 35, 6–18. doi: 10.1109/MAES.2019.2953760

 Tabor, A. (2022). “What is BioNutrients?” NASA. Available at: https://www.nasa.gov/ames/bionutrients/. (Accessed July 7, 2022).

 Todd, P. (1989). Gravity-dependent phenomena at the scale of the single cell. ASGSB Bull. 2, 95–113.

 Ursell, L. K., Metcalf, J. L., Parfrey, L. W., and Knight, R. (2012). Defining the human microbiome. Nutr. Rev. 70, S38–S44. doi: 10.1111/j.1753-4887.2012.00493.x 

 Wang, C., Xing, W., and Fan, L. (2022). A summary of previous investigations of the microgravity effects on bacterial virulence, infection and antibiotic resistance. Acta Astronaut. 196, 215–219. doi: 10.1016/j.actaastro.2022.04.029

 Wilson, J. W., Ott, C. M., Bentrup, H. Z., Ramamurthy, R., Quick, L., Porwollik, S., et al. (2007). Space flight alters bacterial gene expression and virulence and reveals a role for global regulator Hfq. Proc. Natl. Acad. Sci. 104, 16299–16304. doi: 10.1073/pnas.0707155104 

 Wuest, S. L., Stern, P., Casartelli, E., and Egli, M. (2017). Fluid dynamics appearing during simulated microgravity using random positioning machines. PLoS One 12:e0170826. doi: 10.1371/journal.pone.0170826 



OPS/images/fmicb-14-1155726-g005.jpg
Uptake Rate (mi/cel/sec)

g X100 Nichaeails-Menten Curve 2210 Michaslis-Menten Curve
L
2.5 .
8 275
E]
2 8
E 27
1.5} g
9 2.5
t g
5
o 2.6
o 2.5
] 10 15 20 ES 2 s 4 85 0 05 1

Substrate Concentration (mM)

Log of Substrate Concentration {mM)

15





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The chemical neighborhood of cells in a diffusion-limited system



		Introduction



		Materials and methods



		Application of Fick’s second law



		Analytical solution: “One cell in infinite medium”



		Finite difference method: “One or more cells per slice”



		Application of Michaelis–Menten uptake dynamics



		MATLAB computations



		Parameters









		Results



		One cell in infinite medium



		One cell per slice



		Two cells per slice



		Four cells per slice



		Glucose uptake rates









		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fmicb-14-1155726-g004.jpg
2

2

{19w) uopenusouogy

X (mm)

¥ (mm)

X (mm)

¥ mm)





OPS/images/fmicb-14-1155726-t002.jpg
Linear distribution Square distribution

Average concentration at system center (mM) 1.606 1.194
Decrease from initial concentration 92.7% 94.6%
Size of depletion zone (radius, mm) 486 594
Steady-state time point (5) 21,190 31220
Decrease in uptake rate 0.0549% 0.0715%

Note that “average concentration 1 im from cell center” is an average of all the points at that radial distance, though concentrations may be lower on one side of the cell than the other.





OPS/images/fmicb-14-1155726-t001.jpg
Average concentration 0.2 mm from cell center 4.024

Decrease from initial concentration 817%

Concentration at center between the cells (mM) 5.805 4346
Size of depletion zone (radius, mm) 6.12 594
Steady state time point (s) 45620 3,530

Decrease in uptake rate 0.0384% 0.0402%

558
39,990

0.0434%






OPS/images/fmicb-14-1155726-g003.jpg
X (mm)

£
g s o 4 d8
() voneaueouon
"%
m n
B
8
[ -
§ a
3
E
E -
S o
s Y
H £
4 ~
: 5
m a
.m. 3
5
]
2 E] 3 E] ] E)

(WW) uonRNUSIUOTS





OPS/images/fmicb-14-1155726-g002.jpg
‘Loncentration (mM)

2 Loncentration over Time Concentration acroas space after 2 days

2
2199999998
219999985 2199599995
E 21.99999094
21.999989 = 219909992
E 21.9999999
21.9999985 g 21.9599%988
© 2199990985
21.999998 21
21.99999982
aeusrEy 10 20 20 a0 50 219999938, 05 1 15

Tima {hr) Space {cm}





OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

The chemical neighborhood of
cells in a diffusion-limited system












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1155726-e005.jpg





OPS/images/fmicb-14-1155726-e006.jpg





OPS/images/fmicb-14-1155726-e003.jpg





OPS/images/fmicb-14-1155726-e004.jpg
Pnewi j =D *ot*
(V’i+|.f —2*¢; +a’:—|.f) . (lP,,jﬂ —2%g;; +¢i.f-|)
DX*? py?

+0ij. (4)





OPS/images/fmicb-14-1155726-g001.jpg
o ©®
e o0 OO
o
®






OPS/images/fmicb-14-1155726-e007.jpg
- ].(s)
) e





OPS/images/fmicb-14-1155726-e008.jpg
kg T
6 xnwr

(6)





OPS/images/fmicb-14-1155726-e001.jpg
%
=D
o V2. (1)





OPS/images/fmicb-14-1155726-e002.jpg
max

e
AnxD*t 2





