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1. Background



Spatiotemporal Behavior of Microbial Systems

ÁMost microbes evolved and exist in environments with 
both temporal and spatial variations

Á Spatial heterogeneities allow the development of 
unique metabolic niches critical to system function
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Multispecies Communities Important in Human Health

Images from www.microbiologysociety.org , Filkins & O'Toole, PLOS Pathogen, 2015
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Multispecies Biofilms

Á Bacteria naturally grow as multispecies 
biofilms

Á Chemical gradients create metabolic 
niches in the biofilm

Á Slow and fast growing species naturally 
coexist 

Á Evolution has optimized different natural 
communities for specific environments
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Effect of Nutrient Gradients in Multispecies Biofilms

Engineered E. coli 
biofilm

In vitro chronic 
wound biofilm

Bernstein et al., J. Biotechnology, 2012; James et. al., Wound Repair Regen., 2008



Biofilm Metabolic Models

ÁMultispecies biofilms are 
highly complex systems with 
a broad array of species and 
community level machinery

ÁBiofilm models focused on 
metabolic mechanisms are 
most tractable

ÁBiofilm metabolic models can 
account for:

ÅSpatial organization

ÅNutrient competition

ÅByproduct cross feeding

ÅGrowth inhibition by toxins
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2. Modeling Framework



Spatiotemporal Metabolic Modeling

ÁBasic components
ÅSubstrate uptake kinetics based on local 

extracellular metabolite concentrations

ÅGenome -scale reconstructions of 
metabolism

ÅTransport equations describing 
spatiotemporal variations of the 
extracellular environment

Evaluate nutrient 
uptake kinetics

Solve species 
metabolic models

Solve extracellular 
equations

Uptake 
rates

Intracellular 
fluxes

Extracellular 
concentrations

ÁSeveral methods have been proposed

ÅTable lookups of precomputed FBA solutions 
(Jayasinghe et al., Biotechnol . J. , 2014) 

ÅLattice based descriptions of nutrient diffusion 
(Harcombe et al., Cell Reports , 2014)

ÁBased on assumption that intracellular dynamics 
are fast compared to extracellular dynamics



Intracellular Metabolism

Å Pseudomonas 
aeruginosa

Å Staphylococcus 
aureus

Å Clostridium difficile
Å Bacteroides

thetaiotamicron
Å Faecalibacterium

prausnitzii
Å Escherichia coli
Å Clostridium 

phytofermentans
Å Geobacter

sulfurreducens

Thiele & Palsson , Nature Protocols , 2010; Milne et al., Biotechnology Journal , 2009



Flux Balance Analysis (FBA)

Figure courtesy for Krishna Mahadevan, U. Toronto; Price et al., Nature Reviews Microbiology , 2004



Biofilm Spatiotemporal Modeling Framework
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DFBAlab: MATLAB code 
for dynamic flux 
balance analysis

Dynamic 
simulation

Genome-scale
metabolic 

reconstructions

Linear programsolution

Chen et al., BMC Systems Biology , 2016; Gomez et al., BMC Bioinformatics, 2014
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