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In this study, we developed a two-dimensional mathematical model to predict substrate utilization and metabolite production rates in Shewanella oneidensis MR-1 biofilm in the presence and absence of uranium (U). In our model, lactate and fumarate are used as the electron donor and the electron acceptor, respectively. The model includes the production of extracellular polymeric substances (EPS). The EPS bound to the cell surface and distributed in the biofilm were considered bound EPS (bEPS) and loosely associated EPS (laEPS), respectively. COMSOL® Multiphysics finite element analysis software was used to solve the model numerically (model file provided in the Supplementary Material). The input variables of the model were the lactate, fumarate, cell, and EPS concentrations, half saturation constant for fumarate, and diffusion coefficients of the substrates and metabolites. To estimate unknown parameters and calibrate the model, we used a custom designed biofilm reactor placed inside a nuclear magnetic resonance (NMR) microimaging and spectroscopy system and measured substrate utilization and metabolite production rates. From these data we estimated the yield coefficients, maximum substrate utilization rate, half saturation constant for lactate, stoichiometric ratio of fumarate and acetate to lactate and stoichiometric ratio of succinate to fumarate. These parameters are critical to predicting the activity of biofilms and are not available in the literature. Lastly, the model was used to predict uranium immobilization in S. oneidensis MR-1 biofilms by considering reduction and adsorption processes in the cells and in the EPS. We found that the majority of immobilization was due to cells, and that EPS was less efficient at immobilizing U. Furthermore, most of the immobilization occurred within the top 10 μm of the biofilm. To the best of our knowledge, this research is one of the first biofilm immobilization mathematical models based on experimental observation. It has the ability to predict the relative contributions to U immobilization of laEPS, bEPS, and cells.
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INTRODUCTION

Microorganisms interact with minerals available in the environment (Zhou et al., 2014; Ng et al., 2016; Shi et al., 2016). This has led to the field of bioremediation, the study of the insertion and/or manipulation of organisms in certain areas to reduce environmental pollutants. Shewanella oneidensis MR-1 is one type of dissimilatory metal-reducing bacterium that plays an important role in the biogeochemical cycling of many different types of metals and radionuclides (Venkateswaran et al., 1999; Nealson et al., 2002; Marshall et al., 2006; Nealson and Scott, 2006). This organism is capable of utilizing a wide range of electron donors, such as lactate, acetate, pyruvate, formate, and amino acids, and electron acceptors, such as oxygen (O2), fumarate, dimethyl sulfoxide (DMSO), Fe(III), and Mn(IV) (Myers and Nealson, 1988; Nealson and Saffarini, 1994; Tang et al., 2007b; Mclean et al., 2008a; Pinchuk et al., 2011). Because of its respiratory versatility, S. oneidensis MR-1 has been widely investigated as a model organism for heavy metal and radionuclide bioremediation (Myers et al., 2000; Viamajala et al., 2002; Marshall et al., 2006). In this research, we focus on its ability to reduce and immobilize uranium (U), an important contaminant because of its prevalence in the environment and toxicity to many organisms, including humans. Since the biotransformation of metals and radionuclides (e.g., during uranium bioremediation) can impact cellular metabolism (Viamajala et al., 2002, 2004; Tang et al., 2006), it is important to investigate experimentally and theoretically using mathematical models, and understand these changes in order to improve bioremediation techniques and applications.

Previously, the growth kinetics of S. oneidensis under various conditions were investigated using planktonic cultures (Myers and Nealson, 1988; Liu et al., 2005; Tang et al., 2006). A kinetic model was developed to predict substrate utilization, metabolite production, and cell growth using planktonic cultures under varied O2 concentrations (Tang et al., 2007b). However, the predominant mode of life for microorganisms, including S. oneidensis, is in biofilms. A biofilm is a surface- or interface-associated, sessile microbial community embedded in a matrix of self-produced extracellular polymeric substances (EPS) as opposed to planktonic cells, which live independently as individuals, freely suspended in solution (Costerton et al., 1995; O'Toole et al., 2000). Cell metabolism and physiology in biofilms can be significantly different from that in planktonic cultures, especially in the presence of toxic contaminants such as uranium (Harrison et al., 2007; Stewart and Franklin, 2008). It is well known that heavy metals and radionuclides inhibit microbial metabolic activity and cell growth, including those of S. oneidensis (Middleton et al., 2003; Viamajala et al., 2004; Wen, 2008; Cao et al., 2012). Since metal and radionuclide bioremediation is often dependent on cell growth and metabolic activity, mathematical models that predict the microbial biotransformation of contaminants should include cellular metabolism alongside U immobilization. Furthermore, biokinetic parameters (such as biomass yield and maximum U(VI) reduction rate) calculated using planktonic cultures under non-growth conditions have limited ability to predict growth and metabolism in a biofilm.

EPS comprises 50–80% of the total organic content of a biofilm (Nielsen et al., 1997). EPS can either be tightly bound to the cell surface, called bound EPS (bEPS), or distributed in the surrounding environment of the cells in a more soluble form, called loosely associated EPS (laEPS) (Cao et al., 2011b). Recently, we demonstrated the relative contributions of bEPS, laEPS, and cells from Shewanella sp. HRCR-1 biofilms in U(VI) immobilization (Cao et al., 2011b). We found that bEPS and laEPS immobilized U(VI) through both reduction and adsorption. In addition, Marshall et al. (2006) reported that uraninite nanoparticles co-localized with the biofilm-associated matrix as UO2-EPS in S. oneidensis biofilms (Marshall et al., 2006).

Although the importance of the cellular and EPS constituents for U(VI) immobilization has been demonstrated, kinetic information on biofilm growth and cellular metabolism in the presence of U(VI) and U(VI) immobilized in biofilm components (cells, laEPS and bEPS) is limited. Mathematical models have been developed using planktonic cultures of Shewanella sp. to predict the kinetics of U(VI) immobilization under non-growth conditions (Truex et al., 1997; Liu et al., 2002). Truex et al. (1997) used a non-growth Monod model to describe U(VI) reduction kinetics. Liu et al. (2002) used both first-order and Monod kinetic equations to predict U(VI) reduction kinetics and compared the estimated kinetic parameters obtained using the two equations. These models assume that U(VI) is solely reduced by the cells; however, overall U(VI) immobilization can result from microbial reduction as well as other nonreductive chemical and physical processes (Hazen and Tabak, 2005; Wall and Krumholz, 2006; Kumar et al., 2007; Renshaw et al., 2007; Merroun and Selenska-Pobell, 2008), as shown in Figure 1. The stability of U is dependent both upon the mechanism of immobilization (e.g., U(IV) is subject to oxidation and remobilization, and the sorption of complexes to biomass depends on the activity of the biomass) and the biomass structure (e.g., biofilm restricting diffusion and the fraction of EPS in the biomass).
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FIGURE 1. U(VI) immobilization through reductive (direct and indirect reduction) and nonreductive (i.e., biosorption, bioprecipitation, and bioaccumulation) mechanisms of bacteria. Modified from the figure in Emerging Environmental Technologies: Immobilization of Uranium in Groundwater Using Biofilms (Cao et al., 2010), with kind permission from Springer Science+Business Media.



To date, mathematical models predicting U immobilization by the cells in the biofilm and EPS have not been developed. We hypothesize these factors play a significant role in bioremediation and cannot be ignored. A biofilm model could play a critical role in estimating the relative contributions of cells and EPS to total U immobilization. The development of an integrated model has been hindered by the limitations of the experimental techniques required to investigate biofilms and collect necessary experimental data, such as maximum specific growth rates, half saturation constants, cell yields, stoichiometric coefficients, and effective diffusion coefficients. Recently, we developed a nuclear magnetic resonance (NMR) microimaging-capable biofilm reactor which can be used for in situ monitoring of live biofilm metabolism and U immobilization, which allows us to generate these critically needed data (Mclean et al., 2008a,b; Renslow et al., 2010, 2014; Renslow R. S. et al., 2013). Recently, Vogt et al. (2012) has also used magnetic resonance techniques to detect biological uranium reduction (Vogt et al., 2012).

The goal of our work was to develop a two-dimensional mathematical model of S. oneidensis biofilms to predict the fate of U in biofilms (EPS and cellular biomass components) based on experimental data including data obtained using our NMR imaging technique. We developed a two-dimensional model integrated in COMSOL® Multiphysics finite element analysis software. For experimental work we used a custom designed biofilm reactor which allowed for sustained biofilms inside the NMR. S. oneidensis MR-1 biofilms were grown in the biofilm reactor placed in the NMR. After a mature biofilm developed, the in situ metabolite concentrations were measured and the biofilm was characterized. Then, U was added to the feed solution and the same parameters were measured. The model was then calibrated using our experimental data and used to predict in situ substrate utilization and metabolite production rates. Using the model and experimental data, we estimated the yield coefficient, maximum substrate utilization rate, half saturation constant for lactate, stoichiometric ratio of fumarate and acetate to lactate and stoichiometric ratio of succinate to fumarate. Finally, the model was used to predict U immobilization in S. oneidensis MR-1 biofilms by considering reduction and adsorption processes in both the cells and the EPS.

MATERIALS AND METHODS

Growing S. oneidensis Biofilms

S. oneidensis MR-1 biofilms were grown using a constant depth film fermenter (CDFF) and then transferred to a specially designed NMR biofilm reactor to allow the biofilms to continue to grow inside the NMR biofilm reactor (Figure 2), as described in a previous study (Renslow et al., 2010). Briefly, the biofilms were grown aerobically at 30°C on 5 mm-diameter glass coverslips in the CDFF wells. After growth for ~8 days, the biofilms were aseptically placed into the NMR biofilm reactor. The biofilms were allowed to continue to grow inside the anaerobic biofilm reactor set inside the gas-perfused NMR spectrometer chamber, maintained at 30°C (Figure 2B). The NMR biofilm reactor consisted of a 40 mm-long, 4 mm-wide, and 2 mm-tall Torlon® polyamide-imide plastic case that housed the biofilm on the glass coverslip (Figure 2C). Perfusion lines continuously fed growth medium at 1 ml/h (Figure 2A).
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FIGURE 2. Schematics showing the NMR spectrometer and the NMR biofilm reactor used to grow the S. oneidensis biofilm. Parts shown: (A) the NMR spectrometer, (B) inside view of the custom-made NMR probe with the NMR biofilm reactor, (C) the NMR biofilm reactor, (D) inside view of the NMR biofilm reactor with flow direction, and (E) a 3D magnetic resonance image of an S. oneidensis biofilm with yellow slices demonstrating the location of the bulk metabolite concentration measurements taken within a 2 × 2 × 2 mm3 volume.



NMR Analysis of Substrates and Metabolites

Concentration measurements of substrates and metabolites were performed using a Bruker Avance digital NMR spectrometer (Bruker Instruments, Billerica, MA) with a 11.7-T, 89 mm vertical bore and an actively shielded superconducting magnet at 500.44 MHz for protons (1H), similar to measurements performed by Majors et al. (2005), Mclean et al. (2008a,b), and Renslow et al. (2017). This type of measurement is unique in its ability to determine temporally resolved concentrations of multiple chemical species simultaneously, in situ, non-invasively and without consuming the sample. Absolute concentrations of lactate, acetate, fumarate, and succinate were monitored using 9-min-averaged point resolved spectroscopy (PRESS) with “variable power radio frequency pulses with optimized relaxation delays” (VAPOR) water suppression. The average concentration was measured within a 2 × 2 × 2 mm3 voxel (Figure 2E) centered on the biofilm coverslip under the stop-flow condition. Stop-flow experiments were conducted in which the biofilm was allowed to reach a steady state activity (as measured by metabolite concentrations) under continuous flow, then the flow was abruptly stopped, and the bulk metabolite concentrations were monitored over time with or without U.

Analysis of U Concentrations

NMR effluent samples were collected, and U concentration was measured using a kinetic phosphorescence analyzer (KPA) (Brina and Miller, 1992; Cao et al., 2011b).

MODEL DEVELOPMENT

The two-dimensional model considered an S. oneidensis MR-1 biofilm inside the NMR biofilm reactor. Perfusion lines continuously provided anaerobic growth medium, which flowed around the biofilm in a laminar flow. Lactate and fumarate were fed as the electron donor and electron acceptor, respectively, and acetate and succinate were produced by the biofilm from the oxidation of lactate and the reduction of fumarate, respectively. The medium was continually purged with N2; thus dissolved O2 in the medium was negligible and excluded from the model. Both convection and diffusion of these chemical species were considered. The input variables—inlet substrate and U(VI) concentrations, initial cells, bEPS and laEPS concentration, and biokinetic parameters in the presence or absence of U—are listed in Table 1. During certain simulations, U(VI) was also included. U(VI) was immobilized in all biomass fractions (i.e., cells or EPS), either by reduction to U(IV) or by adsorption. For the initial prediction of U immobilization in biofilms, the input biokinetic parameters relevant to U(VI) adsorption and reduction used in this model are listed in Table 2.


Table 1. NMR biofilm reactor configurations and operating conditions, and model input variables.
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Table 2. Input biokinetic parameters relevant to U(VI) adsorption and reduction used for initial U immobilization prediction.
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Assumptions and Reactions

The model is based on these assumptions:

1. U(VI) does not support cell growth as an electron acceptor. An uncoupling inhibition model was applied to account for U inhibition of cellular metabolism.

2. Decay of biomass (cells or EPS) is negligible for the short time scale (3 h for the stop-flow experiment).

3. In the biofilm, cells immobilize U through adsorption and reduction.

4. U immobilization is irreversible for the short time scale. Reoxidation of the reduced U was not considered.

5. The ratio of bEPS to laEPS is 3:1 and EPS compose 50% of the total biomass. This is based on experimental data (Nielsen et al., 1997; Cao et al., 2011b).

In our model we have the following reaction.

[image: image]

Empirical stoichiometric lactate utilization is given in Table 3.


Table 3. Comparisons of parameters estimated from the model with the literature values.
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Substrate Utilization Rate

Monod models have been extensively used to describe microbially mediated redox reaction kinetics (Liu et al., 2002; Luo et al., 2007). A dual-substrate multiplicative Monod rate law was used to describe substrate utilization rates because the concentrations of lactate and fumarate both limit the overall growth rate (Bader, 1978). The utilization rate of the electron donor (ED, lactate) and the electron acceptor (EA, fumarate) are expressed as Equations (2) and (3), respectively:

[image: image]

[image: image]

where SED is the concentration of lactate (mM), SEA is the concentration of fumarate (mM), SU is the total concentration of all forms of U (mM), t is time (s), qm,ED is the maximum specific lactate utilization rate by cells (mmole lactate / mmole cells s−1), KED is the half saturation constant for lactate (mM), KEA is the half saturation constant for fumarate (mM), IU is the uncoupling inhibition constant for U (mM), the term IU/(SU+IU) expresses the inhibition of substrate utilization by U, Xcells is the cell concentration (mM), and fEA/ED is the stoichiometric ratio of fumarate to lactate (mmole fumarate/mmole lactate). In the COMSOL® model described in the Model Implementation section below, all biomass densities, including cell concentration, are tracked internally as mM concentrations as opposed to the typically used g/L units. A molar mass of 113 g biomass/mole biomass is used to convert between mass and moles for all biomass, based on an empirical formula for cells and EPS of C5H7O2N (Rittmann and Perry, 2001). This allows for easy tracking of units inside the model, and this is required for the software to operate properly. When needed, we plotted figures using typical units for biomass, such as g/L rather than the units used in COMSOL®.

Cell Growth Kinetics

Microbial cell growth was associated with the consumption of lactate and fumarate present in the system. Dual-substrate multiplicative Monod growth kinetics were used to describe overall cell growth:
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where Y is the biomass yield (mmole biomass/mmole lactate) and kbEPS and klaEPS are the fractions of electron donor lactate used for the production of bEPS (mmole bEPS/mmole biomass) and laEPS (mmole laEPS/mmole biomass) present in biofilms, respectively. The term (1-kbEPS-klaEPS) is the fraction of the electron donor used for cell growth (mmole cells/mmole biomass).

Rate of bEPS Production

The formation of bEPS is associated with cell growth, and they are produced in direct proportion to the electron donor utilization rate. The detachment of bEPS is not considered in this model because bEPS is tightly associated with the cells and can in fact be considered a physical extension of the cell surface. Furthermore, the experiments were carried out at a very low Reynolds number (0.1), so bEPS loss is assumed to be negligible. The overall bEPS production rate is described by Equation (5):

[image: image]

where XbEPS is the concentration of bEPS (mM).

Rate of laEPS Production

The formation of laEPS is also associated with cell growth, and they are produced in direct proportion to the electron donor utilization rate. Although, laEPS are biodegradable, can be used as a recyclable electron donor substrate for cell growth, and can be lost through sloughing, these features are excluded from this model. The overall laEPS production rate is expressed by Equation (6):

[image: image]

where XlaEPS is the concentration of laEPS (mM).

U Immobilization in Cells

Cells immobilize U through the adsorption of soluble uranyl ions ([image: image]) and the reduction of soluble uranyl ions to insoluble uraninite (UO2) nanoparticles. Biosorption, bioprecipitation, and bioaccumulation are lumped together as physical adsorption and described using a Langmuir adsorption isotherm (Sar and D'souza, 2001; Kazy et al., 2008; Ha et al., 2010). Because the mechanisms of U reduction are not fully understood, we assume that the U(VI) is first adsorbed and then can be reduced by the cell using electrons from lactate oxidation. This is a process similar to direct U(IV) reduction on the cell surface. U adsorption by cells is given by:
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where SU(VI),cells is the concentration of the U(VI) adsorbed to the cells (mM) and Γcells is the adsorption capacity of U (mmole U/mmole cells). The adsorption kinetics are given by:
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where the first term in the parentheses is the equilibrium adsorption capacity given by the Langmuir adsorption isotherm, Γmax,cells is the maximum Langmuir adsorption capacity of U at equilibrium (mmole U/mmole cells), k is the first-order adsorption rate constant (s−1), ccells is the inverse Langmuir equilibrium constant (mM), and SU is the U(VI) available to the cells in the biofilm.

U reduction by cells is described by a single-substrate Monod-like equation since cell growth is not dependent on uranium; it is given by:
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where SU(IV),cells is the concentration of U(IV) immobilized by the cells (mM), qU(VI),cells is the maximum U(VI) reduction rate by the cells (mmole U(IV)/mmole cells.s), and KU(VI) is the half saturation constant for U(VI) (mM).

The overall U immobilization rate by cells in biofilms is given by:

[image: image]

U Immobilization in bEPS

MtrA, MtrB, MtrC and OmcA are the key proteins involved in extracellular electron transfer in Shewanella sp. and are highly abundant in bEPS (Cao et al., 2011b; Shi et al., 2012), where significant U reduction has been observed.

U adsorption by bEPS is given by:

[image: image]

where SU(VI),bEPS is the concentration of U(VI) adsorbed to the bEPS (mM) and ΓbEPS is the adsorption capacity of uranium (mmole U/mmole bEPS). The adsorption kinetics of bEPS are given by:
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where the first term in the parentheses is the equilibrium adsorption capacity given by the Langmuir adsorption isotherm, Γmax,bEPS is the maximum Langmuir adsorption capacity of uranium at equilibrium (mmole U/mmole bEPS), cbEPS is the inverse Langmuir equilibrium constant (mM), and SU is the uranium U(VI) available to the bEPS in the biofilms.

U reduction by bEPS is given by:
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where SU(IV),bEPS is the concentration of U(IV) immobilized by the bEPS (mM), qU(VI),bEPS is the maximum U(VI) reduction rate by the bEPS (mmole U(IV)/mmole bEPS.s), and KU(VI) is the half saturation constant for U(VI) (mM).

The overall U immobilization by bEPS in biofilms is given by:
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U Immobilization in laEPS

Because of the higher carbohydrate-to-protein ratio in laEPS, laEPS have better biosorption capability. The overall U immobilization in laEPS is dominated by adsorption, with minimal reduction because of the higher polysaccharide content.

U(VI) adsorption by laEPS is given by:
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where SU(VI),laEPS is the concentration of U(VI) adsorbed to the laEPS (mM) and ΓlaEPS is the Langmuir adsorption capacity of uranium (mmole U/mmole laEPS).

The adsorption kinetics of laEPS are given by:
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where the first term in the parentheses is the equilibrium adsorption capacity given by the Langmuir adsorption isotherm, Γmax,laEPS is the maximum Langmuir adsorption capacity of uranium at equilibrium (mmole U/mmole laEPS), k is the first-order adsorption rate constant (s−1), claEPS is the inverse Langmuir equilibrium constant (mM), and SU is the uranium U(VI) available to the laEPS in the biofilms.

U reduction by laEPS is given by:
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where SU(IV),bEPS is the concentration of U(IV) immobilized by laEPS (mM), qU(VI),laEPS is the maximum U(VI) reduction rate by the laEPS (mmole U(IV)/mmole laEPS.s), and KU(VI) is the half saturation constant for U(VI) (mM).

The overall U immobilization by laEPS in biofilms is given by:
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U Immobilization in Biofilms

The overall U immobilization in biofilm is expressed by:

[image: image]

Metabolite Production Rates

The acetate production rate is expressed by:
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where PAc is the concentration of metabolite acetate (mM), and fAc/ED is the stoichiometric ratio of acetate to lactate (mmole acetate/mmole lactate).

The succinate production rate is expressed by:

[image: image]

where PSuc is the concentration of metabolite succinate (mM) and fSuc/ED is the stoichiometric ratio of succinate to fumarate (mmole succinate/mmole fumarate).

Bulk Solution in the Reactor

There were no chemical or microbial reactions in the bulk phase. Diffusion and advection are described by:
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where C represents a substrate or metabolite (mM), DC is the diffusion coefficient of C (cm2/s), l is the length dimension of the NMR biofilm reactor (cm), and uL is the flow velocity of the growth medium (cm/s).

MODEL IMPLEMENTATION

The model was simulated using COMSOL® Multiphysics (Version 4.4.0.248, COMSOL®, Inc., Burlington, MA, USA), a finite element analysis software package, with the Chemical Reaction Engineering Module. An example COMSOL file with the complete model is provided in the Supplementary Material. The model geometry is comprised of three rectangular domains as shown in Figure 3; the NMR biofilm reactor flow chamber (40 mm by 2 mm), the biofilm (5 mm by 0.1 mm), and the NMR bulk measurement voxel (2 mm by 2 mm).


[image: image]

FIGURE 3. (A) Schematic of the NMR biofilm reactor with biofilm (not to scale). (B) Model geometry to scale as implemented in COMSOL, with representative close-ups of the finite element mesh for the reaction-diffusion physics (top) and the fluid flow physics (bottom). White bars represent 20 μm. Model file with these defined geometries and meshes is provided in the Supplementary Material.



Three coupled physics nodes are used, one Laminar Flow node and two Transport of Diluted Species nodes: one for transport and reaction of soluble species (e.g., SED), and one for reaction of soluble species (e.g., SU(VI)). Incompressible laminar flow is solved in all domains with no-slip wall conditions, except for in the biofilm, where it is assumed that mass transport only occurs via diffusion. The far downfield boundary is the fluid inlet, with a flow rate of 1 ml/h (0 ml/h during stop-flow simulation periods), and a constant parabolic flow profile is given by:

[image: image]

where V is the velocity (cm/h), Q is the volumetric flow rate (ml/h), A is the NMR biofilm reactor cross-sectional area (cm2), and y is the height from the bottom of the NMR biofilm reactor divided by 1 mm (unitless). Laminar flow with no-slip conditions is justified because of the low Reynold's number (0.1) in the NMR biofilm reactor (Renslow et al., 2010). The far upfield boundary is the outlet. The first Transport of Diluted Species node includes all soluble chemical species: lactate, acetate, fumarate, succinate, and U(VI). It is solved for in all domains and includes both convective and diffusive transport; however, the diffusion coefficients in the biofilm are different from those in the remainder of the NMR biofilm reactor (Table 1) and only diffusion (i.e., effective diffusion coefficients, due to biomass diffusion restriction and tortuosity effects) is considered inside the biofilm. The reactor walls are simulated as impermeable horizontal boundaries with no flux. Soluble species convection is coupled to values solved for in the Laminar Flow node. The initial concentrations and inlet concentrations are zero for all species except lactate, fumarate, and U(VI) (during simulations run with U(VI)). Metabolic reactions solved for in this node are contained only within the biofilm; no reactions occur in the NMR biofilm reactor bulk liquid. The second Transport of Diluted Species node is solved for all insoluble species, biomass, and U adsorption capacities; thus it is only applicable to the biofilm domain. Even though the node name implies mass transport, no mass transport was solved for because all species were immobile or insoluble, and only chemical reactions were considered.

Two separate finite element meshes were constructed, each corresponding to a step in the two-step solver: one for the stationary (steady state) flow profile solver and the other for the time-dependent solver. It is possible to uncouple the solving of the flow profile from the other physics nodes because the flow profile does not change over time. Therefore, the steady state flow profile was solved first, and then the stored solution was used for the convection of chemical species in the time-dependent solver. Mesh analysis was done for each mesh, to ensure that enough elements were used to reach an accurate solution. For the initial model testing, an 8-core, 64-bit Microsoft Windows 7 Professional computer with 16 GB of RAM was used. Subsequently, higher-mesh models were run on Chinook, a Hewlett-Packard 163 teraflop/s supercluster, part of the Molecular Science Computing at the Environmental Molecular Sciences Laboratory at the Pacific Northwest National Laboratory. Each of the 2,310 nodes within Chinook had two quad-core AMD Opteron processors, 16 gigabytes of RAM, 350 gigabytes of local disk space, plus InfiniBand Host Channel Adapter. For the stationary solver mesh, the flow velocity at 100 randomly chosen points, selected using Matlab (The MathWorks, Inc., Natick, MA) function rand(): 0.034% modified to provide coordinates located on the NMR biofilm reactor domain, were used to monitor the convergence of the solution as the mesh elements were increased. Figure 4A shows the randomly chosen points. Starting with ~1.7 thousand elements, the number of mesh elements was roughly doubled or tripled each iteration, up to a maximum of ~11.1 million. Figures 4B,C shows that the average velocity and pressure of the 100 points reached asymptotic values, and it was determined that 1.3 million elements offered a balance between time and accuracy. This number of elements resulted in an average velocity solution that was 0.011% (magnitude) (σ: 0.034%) different from the full ~11.1 million element solution and an average pressure solution that was 0.056% (σ: 0.226%) different.
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FIGURE 4. (A) The randomly chosen 100 points to monitor the convergence of the stationary (steady state) flow profile solver solution, (B) the relative average velocity convergence as the number of mesh elements was increased, and (C) the relative average pressure convergence. White dots represent the number of mesh elements used for the subsequent flow profile solutions throughout the manuscript (finite element mesh shown in Figure 3B).



For the time-dependent solver mesh, the concentration of each species was monitored at 300 randomly chosen points: 100 in the NMR biofilm reactor domain (Figure 5A), 100 in the NMR bulk measurement voxel (Figure 5B), and 100 in the biofilm domain (Figure 5C). The selection of these points was done using Matlab, and their selection was controlled to ensure that none of the three sets of 100 points overlapped with the other domains to cause redundancy. Starting with ~20.2 thousand elements, the number of mesh elements was roughly doubled each iteration, up to a maximum of ~3.6 million. Lactate, acetate, and cell concentrations were found to be the dependent variables most sensitive to changes in the number of elements and also the slowest to converge to the asymptotic value; therefore they were used for the mesh selection criteria. Figure 5D shows that the dependent variables reached an asymptotic convergence, and it was determined that ~130 thousand elements offered a balance between time and accuracy. This number of elements resulted in a solution that was 0.005% (σ: 0.007%), 0.034% (σ: 0.050%), and 0.003% (σ: 0.001%) different from the full ~3.6 million element solution for the average lactate concentration, acetate concentration, and cell concentration, respectively.
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FIGURE 5. The randomly chosen 300 points to monitor the convergence of the solution, (A) the NMR biofilm reactor domain, (B) the NMR bulk measurement voxel, and (C) the biofilm domain. (D) The relative average lactate concentration convergence as the number of mesh elements was increased, (E) the relative average acetate concentration convergence, and (F) the relative average cell concentration convergence. White dots represent the number of mesh elements used for the subsequent reaction-diffusion solutions throughout the manuscript (finite element mesh shown in Figure 3B).



Data were exported from COMSOL® to a text file. For some graphs, a Python (v2.7.10) script was then written using WinPython (v2.7.10.3) (Raybaut1) to import and graph these data in a basic plot. IPython (v4.0.0) (Fernando Pérez, 2007), a powerful, interactive shell, was used within the Scientific Python Development Environment Spyder (v3.0.0.dev0) (Raybaut, 2009). Two modules were also needed for the processing of data: (i) Numpy (v1.9.3) (Walt et al., 2011) was used to store the data in a matrix that is easy to search and plot; it was also used for its wide variety of functions that can be used to process matrices. (ii) Matplotlib (v1.5.0rc3) (Droettboom et al., 2015) was used to plot the data. These plots were then saved and imported into Adobe Illustrator CS6 (v16.0.5) (Licensors, 2012) for final polishing. For other plots, the data were imported into Matlab for data processing, graphing, and analysis.

RESULTS AND DISCUSSION

Substrate Utilization and Metabolite Production Kinetics in the Absence of U under the Stop-Flow Condition

Figure 6 shows the experimental data compared to the model predictions for the experimentally determined substrate (lactate and fumarate) utilization and metabolite (acetate and succinate) production kinetics (as shown in concentration changes over time) for an S. oneidensis MR-1 biofilm under the anaerobic condition (R2 = 0.97). The parameters derived from the experimental data and the values from the literature were not significantly different from each other, except the fAc/ED value, which was significantly lower than the value obtained from a similar experiment by Cao et al. (2012) (Table 3). The maximum specific growth rate calculated from the model cell yield and maximum specific substrate utilization rate was 0.08 h−1, which is close to the reported value of 0.087–0.125 h−1 (Tang et al., 2007a; Hunt et al., 2010). The maximum specific growth rate of bacteria in biofilm is usually close to or identical to that found in suspension cultures (Characklis, 1990; Okabe et al., 1994; Nielsen et al., 1997).
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FIGURE 6. Substrate (lactate and fumarate) and metabolite (acetate and succinate) concentration changes over time for S. oneidensis MR-1 biofilms. Circles represent experimental data; lines represent model values. Time 0 h corresponds to the beginning of the stop-flow experiment in this figure and subsequent figures.



The half saturation constant for lactate (KED = 14.5 mM) was calculated from the model using experimental data. The estimated KED value is comparable with the literature value for S. oneidensis MR-1 under the aerobic condition (13.2 mM) using lactate as the electron donor (Tang et al., 2007b). The experimental values for the stoichiometric coefficients for fEA/ED, fSuc/EA, and fAc/ED were 1.70, 0.91, and 0.34, respectively. The measured values for fEA/ED and fSuc/EA were similar to the literature values of 1.63 and 0.90, respectively, but the fAc/ED value of 0.34 was lower than 0.47, the value obtained from a similar experiment by Cao et al. (2012). The values may be different because S. oneidensis cells incompletely oxidize lactate to acetate with fumarate as the electron acceptor. There are two possible explanations for this: (1) In our experimental setup there is some minimal O2 in the medium, as air slowly diffuses through the tubing into the growth medium, which enables lactate to be completely oxidized to CO2. In our previous work we estimated oxygen intrusion and found that this can be ignored (Renslow R. S. et al., 2013). (2) The discrepancy is due to the metabolic heterogeneity in biofilms, as we assumed constant parameter values throughout, whereas real biofilms have variable metabolic activities based on the microenvironment and variable physiologic state of the cells.

Cells and EPS Production Kinetics in the Absence of U under the Stop-Flow Condition

Figure 7 shows the S. oneidensis MR-1 biofilm cell and EPS density changes over time in the absence of U. These changes were not significant during the short experimental time period. EPS hydrolysis and cell decay were not considered in this model because of the short experimental time frame. Also, cell detachment from the biofilms and loss of bEPS due to diffusion were not considered in this model because the experiment was carried out at a low Reynold's number (0.1) and over a short period of time. Since decay, hydrolysis, and detachment were considered to be negligible, the cell and EPS densities increased with time. Average cell and EPS (bEPS and laEPS) production decreased slightly, possibly because of U inhibition of cell growth.
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FIGURE 7. Model results of (A) cells and EPS density changes over time and (B) average cell and EPS production rates (black lines) over time in an S. oneidensis MR-1 biofilm in the absence of U. Gray lines show the minimum and maximum values found within the biofilm.



Substrate Utilization and Metabolite Production Kinetics in the Presence of U under the Stop-Flow Condition

Figure 8 shows the model predictions for substrate (lactate and fumarate) utilization, metabolite (acetate and succinate) production and U(VI) immobilization kinetics (as shown in concentration changes over time) in S. oneidensis MR-1 biofilm. Substrate utilization and metabolite production were minimally affected by the presence of U(VI), most likely because of the short exposure time. The literature parameters relevant to U(VI) adsorption and reduction were used (Table 2) for the initial prediction of the concentration profiles. Our model predicts the actual concentration trends. Figure 9 shows the total accumulation of U (U(IV) + U(VI)) in cells, bEPS, and laEPS over time in an S. oneidensis MR-1 biofilm. The model prediction revealed both EPS and cells play an important role in overall U immobilization.
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FIGURE 8. Model results of substrate (lactate and fumarate), metabolite (acetate and succinate), and U(VI) concentration within the NMR measurement voxel over time in modeled S. oneidensis MR-1 biofilm.
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FIGURE 9. Model results of U accumulation in S. oneidensis MR-1 biofilm cells, bEPS, and laEPS under stop-flow condition. (A) Accumulation over time per total biofilm biomass. (B) Log transformed concentration of U accumulated after 3 h. The bars on the left show the values without any kind of adjustment. The bars on the right show the values divided by the percent abundance of that component. Percent abundance was calculated by dividing the concentration of the single component by the total concentration of the biomass.



Two-Dimensional U Distribution

Figure 10 shows the 2D distribution of each species of U in each of the biomass components after 3 h of exposure. In each case U is bound preferentially at the edges and the top of the biofilm, which is the bulk liquid/biofilm interface (also refer to Figure 11A). U is prevented from penetrating deep into the biofilm by rapid immobilization at the top: 89% of the immobilized U was in the top 10 μm of the biofilm. This was to be expected since experimental results on other biofilms, even other species, immobilizing U have shown U does not penetrate deep into biofilms. This aids in the ability of biofilms to resist toxins relative to planktonic cells and limits U from inhibiting cell growth. Also, by comparing the difference between U(VI) and U(IV) concentrations over time, we can see most U is reduced, even early on in the simulation (Figure 11B). In our model, the majority of uranium present within the biofilm was reduced rather than sorbed. This is similar to results for another dissimilatory metal-reducing bacteria capable of reducing U, Geobacter sulfurreducens (Renslow R. S. et al., 2013; Cologgi et al., 2014). Cologgi et al. (2014) demonstrated that biofilms and EPS provide cells with a physically and chemically protected environment, which is at least partially due to restricted transport of potentially harmful compounds. In conclusion, U did not dramatically affect overall cell growth or metabolism in biofilms, largely because U did not penetrate very far into the biofilm, indicating the protective ability of the biofilm. This is mostly because reduced U is solid and cannot diffuse toward the cell and their toxicity will be limited (Cao et al., 2010, 2011a).
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FIGURE 10. The 2D distribution of U after 3 h of exposure. The top three plots show the total of U species [immobilized U(VI) and reduced U, U(IV)] in each biomass component. The bottom three plots show the total and separate concentrations of the species of U in the biomass (cells and EPS added together).
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FIGURE 11. (A) Percentage of the total amount of uranium accumulated in (horizontal) slices of the biofilm after 3 h. The percentage above each bar represents the total percentage of uranium up to that depth. (B) Log transforms of the concentrations of U(IV) and U(VI) in all biomass at 0 and 3 h.



Practical Implications

In this study, experimental data were used to derive important biofilm parameters, develop a 2D model of biofilm immobilizing U, and demonstrate application of this model using an S. oneidensis MR-1 biofilm. This same model can be used for other microbial biofilms immobilizing various metals as long as the biokinetic parameters are available. It can be used to estimate the time needed to saturate the biofilm with metal, estimate the maximum immobilization capacity, and determine the importance of the parameters as described recently (Renslow R. et al., 2013).

Here, we developed a laboratory-based model to predict substrate utilization and metabolite production from the experimental data of a biofilm growing in the absence or presence of uranium. Our model is one of the first steps needed to predict U immobilization in biofilms grown on inert surfaces. However, it will need further improvements to have the capability to include multi-species biofilms growing in the subsurface for practical applications and it needs to be extended to the multi-scale in order to determine the effect of U immobilization on the ecosystem. We believe our model is an important first step based on the experimental data, which could critically contribute toward this long-term goal. Our model is sufficiently robust and flexible that it can be modified to include the multiple species or metabolisms that may exist under bioremediation or natural scenarios such as that at DOE's Rifle and Hanford Sites, respectively (Zachara et al., 2013). However, in order to use it, the researchers need to determine what parameters and respective values need to be used for the field site to make accurate predictions of U fate and transport. For example, biokinetic parameters can be calculated from laboratory scale experiments simulating field conditions. It would be possible to integrate our model with reactive transport models such as the one presented in Zachara et al. (2016) to include microbial bioreductive mechanisms and their impacts on U(VI) transport (Zachara et al., 2016).

CONCLUSIONS

With the developed model, we were able to predict substrate utilization and metabolite production from the experimental data on a biofilm growing in the absence or presence of U. From our model predictions, we conclude that

• Although EPS immobilize U, the dominant U immobilization is due to cells. They are the most abundant component within the biofilm and also the most efficient at immobilizing U. As for EPS, bEPS are about 40% as efficient as cells and laEPS are about 2% as efficient as cells at immobilizing U.

• 89% of the immobilized U was in the top 10 μm of the biofilm.

• U did not affect cell growth or metabolism in S. oneidensis biofilms, largely because it did not penetrate far enough into the biofilm studied here.

• The growth kinetics estimated for S. oneidensis biofilms growing without U are not significantly different from those of planktonic cultures.

• Almost all U is reduced to U(IV) rather than simply immobilized. In our model, the majority of uranium present within the biofilm was reduced.
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Variable  Definition Value Units References

Auynagps Maximum U(VI) reduction rate by 1aEPS 0,002 mmole UVIYmg laEPSeh) Liu et al, 2002

qunEps  Maximum U(VI) reduction rate by bEPS 0,002 mmole UVIY(mg bEPSsh) Liu et al,, 2002

AUVi,cells  Maximum U(VI) reduction rate by cells 0002 mmole UVIY(mg cellseh)  Liu et al., 2002

Kuwy ~ Half saturation constant for UNVI) 0045 mM Liu etal, 2002

u Uncoupling inhibition constant for UV) o1 mM Nyman et al., 2007

Ceells Inverse Langmuir equilibrium constant for cells 20 mgUVNL Sar and D'souza, 2001; Kazy et al., 2008

Cogps  Inverse Langmuir equiibrium constant for bEPS 20 mgUVNL Sar and D'souza, 2001; Kazy et al., 2008

Gagps  Inverse Langmuir equilibrium constant for llEPS 20 mgUVNL Sar and Disouza, 2001; Kazy et al., 2008

First-order adsorption rate constant 000067 =1 Sar and Disouza, 2001; Kazy et al., 2008;

Xie et al,, 2008

Tinaxcets  Maximum Langmuir adsorption capacity of uranium at equilbrium by cells 835 mg UVIYg cells Sar and D'souza, 2001; Kazy et al., 2008;
Haetal, 2010

Tmaxeps Maximum Langmuir adsorption capacty of uranium at equilbrium by bEPS 415 mg UVIYg bEPS Sar and Disouza, 2001; Kazy et al., 2008;
Haetal, 2010

TnaxjaEps Maximum Langmuir adsorption capacity of uranium at equilbrium by lGEPS 15 mg UMVIYg leEPS Sar and D'souza, 2001; Kazy et al., 2008;

Haetal, 2010
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Variable Definition Value Units  References

NMR reactor cross section area 8 mm? Renslow et al., 2010
Diameter NMR reactor coversiip diameter 5 mm Renslow etal,, 2010
H NMR reactor height 2 mm Renslow et al., 2010
L NMR reactor length 40 mm Renslow etal,, 2010

NMR reactor width 4 mm Renslow et al., 2010
_
Flow rate Volumetric flow rate 111,000 Vh Renslow et al., 2010
Velocity Flow velogity of the medium 3472 104 ms Renslow etal,, 2010
Biofiim thickness  Biofim thickness Renslow ot al,, 2010
_
Dep Lactate diffusion coefficient 102x10-8  em?s  Cussler and Breuer, 1972
Dea Fumarate diffusion coeficient 095x 105  om?/s  Aberty and Hammes, 1958
Dac Acetate diffusion coefficient 1.18x10-8  em?s  Cussler and Breuer, 1972
Dswe Succinate diffusion coefficient 09x10°5  cm?/s K, 1974
Dy U(V) diffusion coefficient 043x 108 cm2/s  Gregusova and Docekal, 2011
or Relative diffusion coefficient of water 089 unitless  Renslow et al., 2010
Xeets el concentration 224 mM Nielsen et al., 1997; Laspidou and Rittmann, 2002; Cao et al., 2011b
XoePs bEPS concentration 168 mM Nielsen et al., 1997; Laspidou and Rittmann, 2002; Cao et al., 2011b
XiagPs laEPS concentration 56 mM Nielsen et al., 1997; Laspidou and Rittmann, 2002; Cao et al., 2011b
Sen Lactate concentration 2.4 mM Renslow R. S. etal., 2013
SEA Fumarate concentration 35 mM Renslow R. S. etal., 2013

Uranium concentration 0.126 mM Beyenal et al, 2004

Half saturation constant for the fumarate 292 mM Lietal, 2011
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Parameter Symbol

True cell yield Y
Maximum specific substrate utization rate amep
Half Saturation Constant for Lactate Kep
Stoichiometric coeffiient for fumarate to lactate  fea/en
Stoichiometric coefiicient for acetate to lactate fac/ED

Stoichiometric coefficient for succinate to fumarate  fsuc/ea

Unit

gcells/ mollactate
mmollactate/ g-cellsh

mM

‘mmolfumarate/ mmollactate
‘mmol-acetate/ mmolactate
‘mmol-succinate/ mmokfumarate

“calculated with the equation (|Literature Value ~ Experimental ValueYLiterature Value) * 100

Experimental
value

778
10.60
1450
1.70
034
091

Literature
value

866
11.80
13.20
1.63
0.47
090

Percent
Difference*

102%
102%
9.9%
5.6%
27.7%
1.1%

References

Pinchuk et al,, 2011
Pinchuk et al., 2011
Tang etal., 20075
Cao etal., 2012
Caoetal., 2012
Caoetal, 2012
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