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Model description

A. Introduction

The energy-based model developed in this work descithe metabolic processes occurring in
mixed culture fermentation (MCF) of glucose. Thed®loproposed, assumes as fundamental
hypothesis that the bacteria tend to maximize tieegy harvested out of the surrounded system.
This energy is later used for maintenance and drowb maximize this energy, bacteria
optimize its metabolic strategy yielding differgaroducts out of the available substrates in the
system.

The model proposed studies the consumption in ab&econditions of an easily degradable
substrate like glucose in a continuous stirred tag@ctor. A source of nitrogen is added in the
reactor and a constant pH is considered. Butyptgionate, acetate, ethanol, butanol, lactate,
acetone, acetoacetate, butyraldehyde, acetaldebydkte, malate, succionate and fumarate are
the fermentative products considered. A single ofil cell able to do all the fermentative
metabolic pathways is assumed. Depending on theyemailable in the system, the bacteria
shift from one metabolic pathway to another. Asislen criteria, the maximization of energy
harvested for anabolism and maintenance per uniintg by the catabolic pathway is used.
Because our model is built considering that all émergy harvested has its end point in the
formation of new phosphate links (to later breaknthfor maintenance and growth), the
maximization of ATP production rate in the catabgrocess is used as decision criteria between
the catabolic pathways.

The model was built in a generalized form, in orttelkeep the possibility to include new
chemical reactions open, and reduce the numbearaihpeters used. Simplicity and proximity to
the basic concepts are always maintained.



B. Thereaction network

The rates of the network branches are defined @ghendent on the glucose availability. All the
rates of all reactions in each catabolic branchtheesame and the intermediate metabolites
accumulation is assumed zero. Therefore, consigldhiat the intermediate metabolites are
produced and consumed at the same rate, we caachélgeir dynamic description to avoid
working with a big number of variables.

Ferredoxin is assumed directly re-oxidized afteturgion in the conversion of pyruvate to
acetyl-CoA producing K thus oxidized and reduced forms concentratiorthisfelectron carrier
are considered as constants and neglected in tdeln®AD(H,) concentrations can be as well
eliminated from the network considering the eqrs42f the main manuscript, where the sum
of the whole mechanism supposes the metabolitectietuplus the oxidation of one NADH and
one proton translocation eqn.-S$4.

Met.A + FADH, — Met.B + FAD [S1]

FAD + 2NADH + 2H + 2Fdy — FADH, + 2NAD" + 2F(eq [S2]
2 Fdred + NAD — 2 Fdox + NADH + H + Apy. [S3]
Total: Met.A + NADH+ H — Met.B + 2NAD" + Ay [A]

Then, a simplified network is used in the modeteas the one presented in Fig. 1 of the
main manuscript, where only substrates and finadpcts are considered, as well as ATP
production via SLP and only NADH as electron car(igg. A).
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Figure A Simplified reaction network used for MCF ma



C. Thedynamic reactions

The dynamic reactions of the model are the masanbat of each reactor compartment
considered (Fig. B). Each compartment defines amaet \; (L;) the working volume, ¥, (Liiq)
the volume of liquid (working volume subtractingtiilolume occupied by the biomass), (x)
the biomass volume, and;d(Lqa9 the head space volume.
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Figure B Scheme of the reactor sections considered.

|7 Sinccomponent

Intracellular balance (no transportable componeéht®iolsi/Ly):

ds _
T R, [S5]

Intracellular balance (transportable components)dsj/L y):

d
d_?:Rj +Ry; [S6]

Extracellular balance (Smolk/Lii):



[S7]
Biomass balance (X, mgiL,):

[S8]
Gas balance (G, mglL ga9:

de,__Q

-7 gas'Gl +R
dt V,

gas

[S9]

The solid retention time (SRT) is assumed in a# #imulations equal to the hydraulic
retention time (HRT, Table A)

The states of the model are the total concentratddrchemical components accounting for all
the liquid ionic species concentrations when applie (e.g. equations S10 and S11).

[HAC] state= [HAC] + [ACT]

[S10]
[IC] state= [CO] + [H2CO5] + [HCO5] + [CO:*]

[S11]

In order to solve the states of the model for eawp of time through the differential

equations (egns. $5859), it is necessary to accurately model the reastand transport terms of
intra- and extracellular concentrations.



D. Thermodynamics of catabolic reactions

The AG of each metabolic reaction is calculated usingeaeralized routine. Knowing the
stoichiometry of each reactiom;is the stoichiometry coefficient for each compunieof the
reaction considered), actusG at each step of simulation time is calculatedhftbeAG® values
obtained from literature [1-5] that have been poasly pre-stored in a matrix.

AG =AG'+ RTIf], a [S12]
Where Rs the constant of gases 8.314 J/mol-K and T iseimperature considered 298.15 K
for all the simulations.

The activity of every chemical component, @n. S13) is calculated considering the ionic
strength of the solution using the Debye-Huckel, lagn. S14 [6], where ;@& the concentration
and zis the charge of each component.

a=y- G [S13]

-log(y) = Az*y/l.  Ic<0.001 M

Azt T [S14]
1+By/l. 1c>0.001 M

—log(y,) =

The ionic strength is calculated according eqn.. S15
1. =05) C7 [S15]

Depending on iteAG the direction of the reaction is fixed considgria minimum energy
necessary to run the reactiads@n,) of -2 kd/mol. The factor f permits to calculate tirection
of the reaction according to the available energy.

1 AG < AGmin
1 AG > ‘AGmin

f=
f=

f=-
E. Acid-base equilibria

The acid-base equilibria are modelled algebraid@lly

[HAc] . [Ac | + [H] Kal=% [S17]



All the equilibrium constants are calculated diedtom the Gibbs energy of formation
obtained in literature. The solution of the delivatequation returns the total concentration of a
chemical component. A general routine is implemént® calculate from the total
concentrations, all the chemical species considéra model (eqn. S18 and eqgn. S24).

Not hydrated form activity: [NotHyd] = K, %W]N [S18]
Fully protonated form activity: [nya]= Cr {: I [S19]
1t deprotonated form activity: [1*dep]= CTI@’LA[\H],H [S20]
2nd deprotonated form activity: [2dep]= w [S21]
3er deprotonated form activity: [3%dep] = Cr-Ka 'K"’ZAK%[ Ml [S22]
Ik N-i
kst deprotonated form activity: [kstdep] = CTDKZM [S23]
A=K )H T +ka[H ]+ ka ka[H' ]+ Ka ka K{H]”sszj(ﬁ }gEH*]HJ [S24]

pH is necessary to solve these equilibriums. Indkacellular solution, pH is fixed and
supposed controlled, cations and anions are balanoeach simulation step maintaining the pH
at a fixed value. For the cytoplasm, the pH is waled according the species present in the
solution. A numerical method like Newton-Raphsoméxessary to calculate pH and species
concentrations using as objective function therdaof charges, eqn. S25.

N

For this routine, activity coefficients are negtgttbecause their impact in the pH calculation
was demonstrated negligible [8].

F. Reactionskinetics

All the catabolic reactions of the network are tedi for the glycolysis rate. Assuming
3 e-mol/motx-h as maximum yield, and limiting it with Monod4ikterms accounting for
glucose availability, the rate of glucose consuompts as eqn. S26.

max SGlu
qSGIy - qs K@\y +S [526]

Glu

In this eqn. S26, K is 1-10° M. gg™> has a value of 0.75 mgl/molcc h, as 4 electrons are
transferred in the glycolysis process. This rategaally assumed for all the network reactions,
which are considered only kinetically limited byugbse availability. Thus, the kinetics of the
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catabolic reactionare modelled according equatior27 (gi, mols/molcx-h), wherev,; is the
stoichiometry factor between treaction i and the glycoly< (mols/molgy- h)

qr,i = fi v, 'qu [527]

Eachsubstrate consumpticyield (g;) is finally multiplied by the biomass present to calcu
the reaction ra (ri, molsg/Ly- h).

L=0, X~ [S28]

G. Sodium pump kinetics

To equilibrate the intracellular ptpositive charged species (i.e.”, K, etc¢.) aretransportec
inside/outside the cytopla:, with ¢ proton transporte in oppositedirection to maintain the
membrane potenti: In this model, o control the intracellular pH, we assume presence ofn

only sodium pum (Fig. C).
—‘ ‘ +
Na* Na* +Ay + ANa*

antiporter

H* <—H— H* - (Ay + ApH)

Figure C Model ofthesodium pumg

As we are not modelling cases where bacteria ehypotonic or hypertonic environment, \
assume that there is not a limitation or excess of madtetharges concentration, which co
imply a significant energy cost or gaThe intracellular and extracellular sodium concentrat
in each simulation time step are fixed equal. This singglion is based in the fact that cell
transporting the less costly cation to balance the intrdaefh. Thisenergeticcost is expecte
minimum reaching a chemical equilibrium between bothe- and extracellular compartmen
Moreover, intracellular H in our model is slightly variable because alreadyhalreactions an
transpors are pH balanced. Sodium pum| only balancing the pH in the transient stawhen
occursacids intracellular accumulation or deplet

Sodium pump is modelleconsidering a N'/H" antiporte [9]. It actsas a proportione
control action to maintaiintracellular pHat 7.



O = 1— X K, (10= 10™)] if  pH>
Qe = O if pPH=7 9]
O = €XJ Ky, (107 - 107)| — 1if  pH<

Kna+has a value of 100 (dimensionless) to buffer titbuso pump effect.

H. Transport kinetics acrossthe cell membrane

Both passive and active transports are describéisisrmodel. Uncharged species are supposed
only passively transported while charged speciesatively transported.

Passive transport: Passive transport is modelled according to Fidkisv of diffusion,
eqn. S30.

: \Y
rDif'f,i = lefi'(s,extra - S,intra) X\/_r [830]
The Diff; term in L/moky- h is calculated according eqn. S31.
Diff, =10%——=
ITr 5 [S31]

X

WhereD; is the diffusion of the chemical component considen nf/h, & is the superficial
area of transport of one mol of biomas3molc, andd, is the thickness of the membrane, m.

While the diffusivity parameter®d() could be simply estimated according to the measeiném
of diffusion values in water,zavalues are largely unknown. In our model, theeddhces in
diffusion coefficients are neglected consideringttthe process is highly regulated by the
differences in substrates coefficient partitionisTaffect is already implemented in the model
accurately modelling the species deprotonationc@atnations in both intra- and extracellular
compartments. Therefore, all the Dif€oefficients are assumed equal with a value of
100 L/mokx-h [10, 11].

Active transport: Active transport is carried out by enzymatic cohtike the intracellular
metabolic reactions, thus we assumed a similartikirexpression for all of them. However,
active transport is not thermodynamically contmblés energy input is applied if the transport is
endergonic. For this reason, the transport is nedl@nly with a maximum rate equal than the
one for glycolysis, and a Monod-like term refertedthe intracellular component transported
across the membrane.



max ST,i

Ori =0 K, +S,, [832]
Vr
Fri = Or; 'XI [S33]

or,™ is defined like g™ = vi-say referred to the reaction that generates the ptoduc
transported.

Accumulations higher than 10 mM [12] are assumddohgsiologically possible so when the
intracellular concentrations reach this value sitassumed that the production is equal to the
active transport that reach its maximum value, &84 (K has a value of 20 mM for all the
active transports described).

i =0 = Toigi [S34]

|. Liquid to gas masstransfer

The dynamics of the components that can be traesfeéo the gas phase from the liquid should
be model. This liquid-to-gas dynamics cannot bdewtgd as they have approximately the same
rate as the biological reactions [13]. The rat&rafisport from the liquid to the gas depends on
an empirical rate coefficient of transference bemvehe gas-liquid phases & that is
characteristic of each reactor and of each compamsidered. Simplifying,la in this model

is assumed with a value of 15'fior H, and CQ diffusion to the gas phase. The rate also
depends on the difference between the actual ctratiem in the liquid phase and the
equilibrium concentration, calculated through thenH constant (K) and the gas partial
pressure of the component considered inside tlotare@y.s,), eqn. S35.

Ceq,i =K H.i"Pgas.i [S35]
(s =ka( G- Cy) [S36]

Fixing a constant total pressure inside the reattercalculation of the gas flow comes due to
the extra pressure produced by the new gas formed.

Q=220 [S37]

Ngas-c IS the total sum of all the moles in gas form gatexl and Rthe universal ideal gas
constant with a value of 0.082 atm-L/mol-K. Ther&xiressure due to the water vapoupgp
present in the reactor at the operational temperadatialso considered (At 298.15 K2R is
3.12-10¢7 atm.).
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J. Cédll bioenergetics

Energy is harvested by the cell to use it for meahce and growth in two ways, via ATP
substrate level phosphorylation in the steps ofrtfegabolic network (Fig. A) or to generate
proton motive force. Proton motive force is couptedsome catabolic reactions or with the
active transports of some substrates.

Proton motive for ce generation through catabolic reactions

It is considered that only the electron transfetwleen FADH and NADH generates the
translocation of one proton. The reaction couldcpeal backwards if the catabolic process
network were thermodynamic favourable in the rexelisection. However, in the conditions of
this study (glucose feeding, low, idartial pressure) only the forward direction isisidered. For
this reason, we assume that the oxidation of FADHhe metabolic network (Fig. A) comes
directly linked with the reaction S38 at the samue (which is simplifying the whole mechanism
of egns. SES4).

FAD + NADH + H" — FADH, + NAD" + Ay [S38]

Then, the concentrations of FAD and FAPHre constants in the model (same rate of
generation and consumption). We fix their conceimmaaccording to the value @, (which
varies with the external pH) making the reactiomwggh exergonic to translocate one proton
across the cell membrane. This imply that in caood# of low pH (bigAu4.), the production of
ethanol with one proton translocation is not thesym@amically possible as explained in the main
manuscript. In these cases, the possibility of peoty ethanol without FAD(F involved is
considered (Fig. A).

Proton motive for ce generation through active transports

Active transports are only considered for prodwdtéch are all negatively charged. The energy
expense for the active transport of an acidic camepb is calculated according to the model
described in the main text (recycling model), etuating theApH which implies the movement
of an acidic component trough the membrane. Eq®. &8culates the total proton motive
potential generated/consumed (number of protorsidet or extrude consuming or producing
ATP) for active transport produced (elates to the charge of the transported comp@nent

[Si,in]

z-FAY + R-T-In—"=
— [Si,out]
y=- Tz
Al .

H

[S39]

The sodium pump is also an active transport, aip@iér where a proton is translocated in
the contrary direction of the sodium molecule (ftti®n). The proton pump is modelled
according to the recycling model [14] for an anttpoactive transport (eqn. S40).
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FAY + R TV nl

v [Na'a,] |, [S40]
A

Assuming N&;, = Na'o, as referred in S7 section, eqn. S40 is simplifeeph. S41.

RTh[H in]

Ml [S41]
Ap

H*

The number of protons calculated that are trantddcper mol of substrate of each reaction is
multiplied by the reaction rate. The sum is thaltcate of proton translocations)(r

L=Dwt [342)

The number of protons produced, are simply traedldab ATP generated considering the
ATP formation rate according eqn. S48is ATP rate sums to the rate of ATP formed vi&SL

Ay,
fare = Ty :
AG e

[$43]

K. Anabolism and decay

Eqn. S44 presents the global stoichiometry assuoreghabolism in the model. It is considered
that 2 mol of ATP are consumed per mol of biomasséd [15].

0.203-Glu + 0.2-Nk# 1.72-HO + 0.34-NAD + 2-ATP—
— 0.22:CQ+ 2:Pi+ 2.ADP + 0.34-NADH + 2.34"H X [S44]

For decay, the same eqn. S44 is consider multifdieel but due to the favourable growth
conditions imposed in the system studied, the rhiatadecay impact is almost marginal. For
simplicity, the NADH re-oxidation needed for theahwolic process is neglected. It implies an
error of no more of + 20% in the NADH balance of #ie simulations presented, which
supposes an underestimation of the rate of pathtiay®ccur with NADH oxidation, but in any
case affects to the tendencies predicted overrtigupts spectrum with changes in pH.

Anabolism and decay are modelled considering thepeddent on the energy available for
maintenance and growth and in the anabolic casetetl also by substrates availability. To
model the switch between growth and decay dependem@nergy availability, factorgsfand
fq are defined.
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g2 88790 ¢ _ g it AG,.> 50KI/mol

" K are
=0; fy4=0 if AG ,;p=50kJ/mol [545]
_90-AG,,

K ATP

f,.=0; f, if AG,;,<50kJ/mol

Katp has a value of 5kJ- mglmolg,- h to smooth the function discontinuity.

Decay is only defined by the energy limitation bt anabolisim, a glucose limitation termi
is included and the anabolism rate is defined Bm. S46. Ammonium is never a limiting
reactant in the conditions simulated (Table A).

_ Sl
rana_fanél—u 46
KGly +SGIu [ ]
The total maintenance energy cost of all biomasgshe reactor is calculated as ATP
hydrolysis thus it is subtracted to the ATP forroatrate (eqn. S47).

=r AHH+ —_

r = req
ATP y AG e ms [ S4'7]

A constant maintenance cost of 4.5 kJ/ ¢adi is considered [16], so the energy required for
the population maintenance {ffi) is calculated in terms of ATP hydrolysis trougineS48.

w_ 45
° LG

[$48]

ATP

L. Catabolic activity selection

The ATP produced per unit of time is computed facke branch of the metabolic network
considering the sum of the ATP produced via SLPs phe ATP produced via proton motive
force. In the same way, the NADH oxidized/reduced #iICQ" generation/consumption is
computed per each metabolic branch.

A MATLAB solver for linear programing problems ised. The inputs of the solver are the
total NADH reduced, the total HGOand the total ATP produced in each catabolic branch
defined as starting with glycolysis and ending miphie extrusion of a short carbohydrate out of
the cytoplasm (Fig. A).

Example of one catabolic branch:

1 Glucose + 2 NAD+ 4 ADP + 4 Pis 2 NADH + 2 H + 2 Formate + 2 Acetic acid + 4 ATP
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The solver finds, between these catabolic branehi@sear combination of; (ZN:xi =1) that

makes cero the production/consumption of NADH (rtraimng the redox balance of the
cytoplasm) and maximizes the ATP production ratel{m/ h). Moreover, HC@, which acts in
some reactions as substrate (Fig. A), is includetie optimization because it has to be produced
if other catabolic process is consuming it as noGOglds fed in any simulation case (its

production has to be cero or above) (Table A).

X, =lin_opt (d[NADH]/dt= 0;d HCQ™ | /d= 0; 0<x, < 1)

M. Experimental conditions simulated and cell parameters

[$49]

The operational conditions simulated in the study summarised in Table A where only the

external pH is modified function of the case anatis

Table A Reactor operational conditions for all simulatede studies

Variable Value | Units
V' (Working Volume) 2 L
Vg (Head space) 1 L
Py (Total gas pressure) 1 atm
Q (Liquid flow) 0.25 L/h
HRT (Hydraulic retention time) 8 h
GlUins 0.022 | mol/L
NH;"-Clins 0.011 | mol/L

The assumed cell parameters used are summariSedblie B.

Table B Parameters assumed for modelling the characteristithe cell

Variable Value Units
Internal pH (phh) 7 —
Membrane potentialXy) 0.2 Vv
Energy of ATP hydrolysisGare) -50 kJ/mol
metabolic reaction o proceed@ony | 2| <imo
Maximum substrate uptake rate{¢[) 3 e-mol/mal-h
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