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1. ABSTRACT

Biofilms are ubiquitous in medical, environmental, and engineered microbial
systems. The majority of naturally occurring microbes grow as mixed species
biofilms. These complicated consortia are comprised of a large number of cell
phenotypes with complex interactions and self-organize into three-dimensional
structures. While foundational to the vast majority of microbial life on the planet, the
basic design principles including resource allocation strategies of consortia biofilms
are still poorly understood.

Multiscale, spatiotemporal models were developed to investigate the intersection of
resource gradients, resource competition and metabolism in a multispecies biofilm
comprised of two common chronic wound isolates: the aerobe Pseudomonas
aeruginosa and the facultative anaerobe Staphylococcus aureus. By combining
genome-scale metabolic reconstructions with partial differential equations for
metabolite diffusion, the models provided both temporal and spatial predictions with
genome-scale, metabolic resolution. The models analyzed the phenotypic
differences between monoculture and coculture biofilms and demonstrated the
tendency of the two bacteria to spatially partition in the multispecies biofilm, along
resource gradients, as observed experimentally.

Resource scarcity is a common stress in nature and has a major impact on
microbial physiology in medical wounds. This poster highlights microbial
acclimations to resource scarcity, focusing on resource investment strategies for
chemoheterotrophs, including chronic wound isolates Staphylococcus aureus and
Pseudomonas aeruginosa, from the molecular level to the pathway level.
Competitive resource allocation strategies often lead to a phenotype known as
overflow metabolism; the resulting overflow byproducts can stabilize cooperative
interactions in microbial communities and can lead to cross feeding consortia.
These consortia can exhibit emergent properties such as enhanced resource usage
and biomass productivity which are both detrimental to patient health. The data
presented here connects in silico analysis of temporally and spatially resolved
consortia physiology with laboratory studies and ties the data together with
ecological theories to better understand microbial stress responses and mutualistic
consortia functioning

2. Chronic Wounds & Biofilms

Chronic wounds are defined as a host-pathogen environment that has failed to
proceed through a timely healing process. Chronic wound biofilms are a major and
worsening health care challenge. An estimated 2% of the US population (6 million
people) have a non-healing chronic wound with treatment costing more than $25
billion per year34. The occurrence of chronic wounds and the associated costs are
anticipated to grow rapidly based on the aging US population and the dramatic rise
in diabetes and obesity®. Chronic wounds are often colonized by microorganisms
growing as biofilms, cells encapsulated in a self-produced extracellular polymer
matrix, on a complex mixture of wound exudate3-°.

Chronic wounds are typically colonized by consortia comprised of different microbial
species including aerobes and anaerobes. A recent study measured an average of
5.4 species in each clinical wound’. A growing literature documents the emergent
properties of polymicrobial systems, further highlighting limitations to Koch’s
postulate of ‘one microbe, one disease’. For instance, polymicrobial infections have
been reported to have elevated mortality rates relative to monocultures®, and in vivo
rabbit model systems demonstrated that consortia of Pseudomonas aeruginosa and
Staphylococcus aureus prevented wound healing compared to the respective
monocultures®.
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3. Experimental Chronic Wounds Model System
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We developed spatiotemporal models to investigate the multispecies
metabolism of a biofilm consortium comprised of two common chronic
wound isolates: Pseudomonas aeruginosa and Staphylococcus
aureus. By combining genome-scale metabolic reconstructions with
partial differential equations for metabolite diffusion, the models were able
to provide both temporal and spatial predictions with genome-scale
resolution. The models were used to analyze the metabolic differences
between single species and two species biofiims and to demonstrate the
tendency of the two bacteria to spatially partition in the multispecies
biofiilm as observed experimentally. Nutrient gradients imposed by
supplying glucose at the bottom and oxygen at the top of the biofilm
induced spatial partitioning of the two species, with S. aureus most
concentrated in the anaerobic region and P. aeruginosa present only in
the aerobic region. When each species was allowed to enhance its growth
through consumption of secreted metabolic byproducts assuming identical
uptake kinetics, the competitiveness of P. aeruginosa was further reduced
due primarily to the more efficient lactate metabolism of S. aureus. Lysis
of S. aureus by a small molecule inhibitor secreted from P. aeruginosa
and/or P. aeruginosa aerotaxis were predicted to substantially increase P.
aeruginosa competitiveness in the aerobic region, consistent with in vitro
experimental studies.
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Division of labor can create highly efficient food webs with enhanced
functional return on resource investment. The example illustrates a
wildtype population performing a complete metabolism compared to a
two member consortium where each population specializes in half the
metabolism (e.g. glycolysis, respiration).

0.8
® Acetic Acid (with Glucose)
. N e Acetic Acid Product Model
1 0.6 . ® Lactic Acid (with Glucose)
"'5' Th e Lactic Acid Dual Substrate Model
9 ¢
o 0.4 + ‘~..
S 02 T,
R
e o”'
O """"" Prrssswsssssspuy
0 0.5 1

Protonated Organic Acid (mM)

1.5 Model files available:

Division of labor and cross feeding
metabolic species can enhance
growth in biofilms by removing
inhibitory products of metabolism.
An agent based methodology was
used to examine biomass
productivity as a function of three
consortia configurations. Kinetic
parameters are based on
experimental measurements.

github.com/jeffheys/biofilmSegregation

0.20

Cross f'eeding'
consortia biofilm

0.15

mm 0.12

s 0.10

10.08

40.06

Acetate (g/L)

#0.04

i 0.02

=—0.00
0

1500

1200

900

600

Total Cell Count

300

® (1) Monoculture ® (2) Food-chain ® (3) Allthree populations

5
Time (hr)

10

15

Schepens et al 2017 13
7. Experimental Analysis

Computational resource allocation research is supported by comprehensive
experimental analysis including physiological and proteomics studies.
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Despite their large impact on societal health, there are no systems-based
computational models of microbial consortia responsible for biofilm formation in
chronic wounds. We believe our model will enable the predictive testing of
emergent consortia properties including enhanced nutrient accessibility, nutrient
utilization and antibiotic tolerance and will provide the necessary knowledge for
devising rational biofilm control strategies.
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