
Additional file 1 — Biofilm Model Description

Model equations

The multispecies biofilm model was based on several simplifying assumptions in-
cluding: (1) cell death was negligible compared to cell growth; (2) the inhibitory
effects of organic acids were insufficient to strongly affect species metabolism;
and (3) host circadian rhythms were neglected by predicting the time-average
behavior at long times rather than daily variations. Under these assumptions,
the biomass equation for each species had the form,

∂Xi

∂t
= µiXi +DX,i

∂2Xi

∂z2
, (1)

where Xi(z, t) is the local biomass concentration (g/L) of species i, µi(z, t) is the
local growth rate (h−1) calculated from the metabolic reconstruction and DX,i is
a biomass diffusion coefficient. Boundary conditions were imposed to represent
zero biomass flux at the intestine-biofilm boundary (z = L) and biomass removal
by continuous erosion [1] at the biofilm-stool interface (z = 0),

∂Xi(L, t)

∂z
= 0, −DX,i

∂Xi(0, t)

∂z
= kX,i[Xb,i(0) −Xi(0, t)], (2)

where kX,i is a biomass mass transfer coefficient and Xb,i(0) is the bulk plank-
tonic concentration of species i in the stool, which was assumed to be zero for
simplicity. The nutrient transport equations had the form,

∂Ni

∂t
=

n∑
j=1

vi,jXj +DN,i
∂2Ni

∂z2
, (3)

where Ni(z, t) is the local concentration of nutrient i (arabinose, fructose, galac-
tose, glucose, oxygen, cysteine, isoleucine, leucine, lysine, methionine, proline
serine, threonine, tryptophan, valine), vi,j(z, t) is the uptake flux (mmol/gDW/h)
of nutrient i by species j calculated from the metabolic reconstruction, DN,i is a
nutrient diffusion coefficient and n = 3 is the number of species. Boundary con-
ditions were imposed such that unconsumed nutrients could be removed from
either boundary,

−DN,i
∂Ni(0, t)

∂z
= kN,i[Nb,i(0)−Ni(0, t)], −DN,i

∂Ni(L, t)

∂z
= kN,i[Nb,i(L)−Ni(L, t)],

(4)
where kN,i is a nutrient mass transfer coefficient, and Nb,i(0) and Nb,i(L) are
bulk concentrations of nutrient i. The bulk nutrient concentrations at the
biofilm-stool interface were set as Nb,i(0), while bulk concentrations at the
intestine-biofilm interface Nb,i(L) were assumed to be zero for simplicity. The
byproduct transport equations and boundary conditions had a similar form,

∂Pi

∂t
=

n∑
j=1

vi,jXj +DP,i
∂2Pi

∂z2
, (5)
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−DP,i
∂Pi(0, t)

∂z
= kP,i[Pb,i(0)−Pi(0, t)], −DP,i

∂Pi(L, t)

∂z
= kP,i[Pb,i(L)−Pi(L, t)],

(6)
where Pi(z, t) is the local concentration (mmol/L) of byproduct i (acetate, bu-
tyrate, CO2, ethanol, formate, lactate, propionate, succinate), DP,i is a byprod-
uct diffusion coefficient, kP,i is a byproduct mass transfer coefficient, Pb,i(0) and
Pb,i(L) are bulk concentrations of byproduct i, which were assumed to be zero
at both boundaries for simplicity. The exchange flux vi,j(z, t) (mmol/gDW/h)
of product i from species j was positive if the byproduct was secreted and neg-
ative if the byproduct was consumed.

Each species was allowed to consume the four carbohydrates and the ten
amino acids. Based on our previous study [2], we also included byproduct cross
feeding between the species by allowing F. prausnitzii to consume acetate and
succinate synthesized by B. thetaiotaomicron and E. coli and B. thetaiotaomi-
cron to consume ethanol secreted by E. coli (see Figure 1B). Uptake kinetics for
each nutrient and byproduct were assumed to follow Michaelis-Menten kinetics:

vi =
vmax,iSi

Km,i + Si
(7)

where Si(z, t) is the local extracellular concentration (mmol/L) of substrate i
(includes nutrients and byproducts) and vmax,i and Km,i are Michaelis-Menten
constants. The calculated local uptake rates vi(z, t) (mmol/gDW/h) were im-
posed as transport bounds in the linear program used to solve the metabolic
reconstructions. Uptake kinetics did not account for catabolic repression by
glucose because this regulatory effect [3] has not been well studies with respect
to SCFAs and organic acids for gut anaerobes such as B. thetaiotaomicron and
F. prausnitzii and glucose is the only carbon source for E. coli.

Model parameters

The simulated gut environment included nutrients that were assigned fixed up-
take rate bounds and assumed not to limit growth. These components were
sufficient to support in silico growth of all three species. FBA was used to find
lower bounds that were non-limiting (see Additional Table 1).

The simulated gut environment also included nutrients (carbohydrates, amino
acids, oxygen) that were assumed to limit growth. Local uptake rates of these
components were calculated from local extracellular concentrations using Michaelis-
Menten kinetics (see Equation 7). The bulk concentrations used to calculate
these local concentrations (see Equation 4) were dependent on the assumed
diet. The bulk concentrations used for each diet are listed in Additional Table
2. All three diets provided the same total carbon (6.5 mM) on a C6 basis.
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Additional Table 1: Non-growth limiting media components with fixed uptake bounds. All
bounds have units mmol/gDW/h.

Component Bound Component Bound Component Bound
Biotin -0.1 H+ -10 Ammonia -10

Calcium -0.1 H2O -10 Protoheme -0.1
Cob(I)alamin -0.1 Hydrogen sulfide -1 Phosphate -10

Chloride -0.1 K+ -0.1 (R)-Pantothenate -0.1
Co2+ -0.1 Mg -0.1 Pyridoxal -0.1
Cu2+ -0.1 Mn2+ -0.1 Riboflavin -0.1
Fe2+ -0.1 Molybdate -0.1 Sulfate -1
Fe3+ -0.1 Sodium -0.1 Tungstate -0.1
Folate -0.1 Nicotinate -0.1 Zinc -0.1

Additional Table 2: Bulk carbohydrate and amino acid concentrations representing the three
simulated diets. All concentrations have units mM.

Nutrient High Protein Equal CHO-Protein High CHO
Arabinose 0.360 0.780 1.200
Fructose 0.300 0.650 1.000
Galactose 0.300 0.650 1.000
Glucose 0.600 1.300 2.000

Total CHO 1.560 3.380 5.200
Cysteine 1.000 0.650 0.300
Isoleucine 0.500 0.325 0.150
Leucine 0.500 0.325 0.150
Lysine 0.500 0.325 0.150

Methionine 0.600 0.390 0.180
Proline 0.600 0.390 0.180
Serine 1.000 0.650 0.300

Threonine 0.750 0.488 0.225
Tryptophan 0.273 0.177 0.082

Valine 0.600 0.390 0.180
Total AA 6.323 4.110 1.897

Model solution

DFBAlab [4] requires the specification of lexicographic optimization objectives
to overcome the problem of alternative optima in the FBA problems. Because
the biofilm model included three species and N = 20 spatial node points, a total
of 60 FBA problems were solved at each time point. We found that the use of
lexicographic optimization was essential because alternative optima invariably
occurred in multiple models at different times during a simulation. Following the
procedure established in our previous study [2], we ordered the lexicographic op-
timization objectives in the following tiers (Additional Table 3): (1) growth; (2)
secretion of experimentally observed byproducts: B. thetaiotaomicron (acetate,
succinate, propionate, CO2) [5], F. prausnitzii (lactate, butyrate, formate, CO2)
[6], E. coli (acetate, ethanol, formate, lactate, succinate, CO2) [7]; (3) uptake of
possible cross-fed byproducts: B. thetaiotaomicron (lactate, ethanol, formate),
F. prausnitzii (acetate, succinate), E. coli (butyrate, propionate); (4) uptake of
supplied carbohydrates (arabinose, fructose, galactose, glucose); (5) uptake of
supplied oxygen; and (6) uptake of supplied amino acids (cysteine, isoleucine,
leucine, lysine, methionine, proline serine, threonine, tryptophan, valine). All
objectives were specified as maximization, which translated to maximization of
secretion fluxes due to their positivity and minimization of uptake fluxes due
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to their negativity. The B. thetaiotaomicron model had only 23 objectives due
to the lack of butyrate metabolism, while the F. prausnitzii model had only 22
objectives due to the lack of ethanol and propionate metabolism.

Additional Table 3: Lexicographic optimization objectives.
Objective B. thetaiotaomicron F. prausnitzii E. coli

1 Biomass Biomass Biomass
2 Acetate Lactate Acetate
3 Succinate Butyrate Ethanol
4 Propionate Formate Formate
5 CO2 CO2 Lactate
6 Lactate Acetate Succinate
7 Ethanol Succinate CO2

8 Formate Arabinose Butyrate
9 Arabinose Fructose Propionate
10 Fructose Galactose Arabinose
11 Galactose Glucose Fructose
12 Glucose Oxygen Galactose
13 Oxygen Cysteine Glucose
14 Cysteine Isoleucine Oxygen
15 Isoleucine Leucine Cysteine
16 Leucine Lysine Isoleucine
17 Lysine Methionine Leucine
18 Methionine Proline Lysine
19 Proline Serine Methionine
20 Serine Threonine Proline
21 Threonine Tryptophan Serine
22 Tryptophan Valine Threonine
23 Valine Not specified Tryptophan
24 Not specified Not specified Valine

Incorporation of Host-Microbiota Feedback

Our biofilm model predicted how oxygen affected species abundances and metabo-
lite levels, but the model did not include how these variables affected oxygen
levels resulting from host inflammation. A simple linear relationship between
the F. prausnitzii biomass concentration averaged across the biofilm (X̄FP )
and the bulk oxygen concentration (O2,b) was developed to account for bidi-
rectional host-microbiota interactions. This relationship was motivated by nu-
merous studies demonstrating the anti-inflammation properties of butyrate and
other compounds secreted from F. prausnitzii [8, 9, 10]. The linear equation
was formulated using a Lagrange polynomial to interpolate the following two
points for [X̄FP , O2,b]: [X̄FP,anaerobic, O2,perturb] and [0, O2,max]. The first point
represented a sustained oxygen perturbation that occurred at time zero when
the F. prausnitzii concentration was at its anaerobic value. The second point
represented the maximum bulk oxygen concentration that would be attained for
a zero F. prausnitzii concentration. We chose O2,max = 5x10−3 mM since this
bulk concentration completely eliminated F. prausnitzii for the high CHO diet
(see Figure 3D). The time-dependent interpolation polynomial was:

O2,b(t) =
X̄FP (t) − X̄FP,anaerobic

0 − X̄FP,anaerobic
O2,max +

X̄FP (t) − 0

X̄FP,anaerobic − 0
O2,perturb (8)
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This equation is plotted for the CHO diet and three different values of
O2,perturb in Figure 6A.

Incorporation of Antibiotics

Our biofilm model did not include antibiotics and their effects on the gut micro-
biota. To study the combined effects of antibiotics and oxygen, we modified the
species biomass equations to include antibiotic mediated cell death. The mod-
ification was based on several simplifying assumptions including: (1) antibiotic
pharmacokinetics was neglected; (2) the antibiotic concentration was constant
throughout the biofilm due to the rapid release rate of antibiotic from cells com-
pared to the antibiotic diffusional dynamics; (3) the antibiotic targeted growing
cells such that the death rate was proportional to the species growth rate µi;
and (4) the death rate was proportional to the specified antibiotic concentration
A and the local biomass concentration Xi. The modified version of the biomass
equation (1) was,

∂Xi

∂t
= µiXi − kdµiXiA+DX,i

∂2Xi

∂z2
(9)

The host-microbiota feedback relationship (8) was included without oxygen
perturbation (O2,perturb = 0) such that increased oxygen levels only could result
from decreases in F. prausnitzii concentration. The death rate constant was
chosen as kd = 250 mM−1 such that the antibiotic would exert its effect at
reasonable antibiotic concentrations of A ∼ 1x10−3 mM.
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