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1 TrEc model

1.1 Introduction

To gain insights into the behavior and ecology of the T. reesei / E. coli (TrEc) consortium, we developed a comprehen-
sive ordinary differential equation (ODE) modeling framework that captures salient features of the system. We derived
rate expressions for microbial growth, uptake of soluble saccharides, production of cellulase enzymes (endoglucanase,
exoglucanase, and B-glucosidase) by T. reesei, enzymatic cellulose hydrolysis (based on novel mechanistic models for
each type of enzyme), isobutanol production by E. coli, and isobutanol toxicity. The model was developed by writing
differential mole/mass balances (for a batch reactor) for each species of interest, including microbial biomass (7. reesei
and E. coli), cellulases, insoluble cellulose polysaccharides, soluble oligo and monosaccharides, and isobutanol. We
give a comprehensive description of our framework in the following sections. We provide detailed derivations for
our novel substrate uptake and enzymatic cellulose hydrolysis kinetics, and for our mass transfer model of T reesei
privileged access to soluble saccharides.

1.2 Microbial growth and substrate utilization
1.2.1 Maintenance model

Substrate consumption by microbes has two components: substrate consumed for growth, and substrate consumed for
non-growth associated maintenance. We expect that maintenance substrate consumption will be important in the 7.
reesei | E. coli consortium due to low growth rates. Maintenance substrate uptake is usually empirically modeled as
follows [1]:

Tsm = moc (Sl)

where 7, is maintenance substrate uptake rate (g/L/h), m is the maintenance coefficient (g-substrate/g-cells/h), and
C, is cell concentration (g/L). We find this model to be unrealistic, however, as it supposes that substrate uptake
rate is completely independent of substrate concentration. This assumption may be reasonable in situations involving
high substrate concentrations (e.g. batch culture growth on soluble substrates), but for growth on cellulosic substrates,



concentrations of soluble saccharides are likely to be very low, requiring us to consider the actual kinetics of substrate
uptake. We thus propose an alternative maintenance model centered on substrate uptake kinetics. We assume that total
substrate uptake follows Michaelis-Menten kinetics, and allow for the uptake of multiple substrates simultaneously
[2]. Uptake rate of substrate S; can then be modeled as:

Kmaz S'Si . Sl

——==t (', with pg, =

"Ks, + 5, Ps: =575,
J

TS, = Ds (S2)

where rg, is uptake rate of substrate 7 (g/L/h), pg, is the fraction of substrate 7 out of total soluble substrate, K4, s,
is maximum specific uptake rate of substrate : (g-substrate/g-cells/h), K, is affinity for substrate ¢ (g/L), .S; is concen-
tration of substrate i (g/L), and C. is cell concentration (g/L). We assume that substrate is partitioned between growth
and maintenance uses. We can thus write a mass balance for substrate uptake as follows:

K mazx,S; 57.
S Kg, + S;
where Y, /¢, is the substrate-biomass yield coefficient (g-substrate/g-cells), (s, is specific growth rate on substrate
i (1/h), and other terms are as described previously. The term Yg, /o ps, C. represents substrate consumption for
growth, while the mpg, C.. term represents maintenance consumption. If we hold m constant (i.e. assume constant
maintenance requirement), then we can rearrange and write g, in terms of the other parameters and variables:

rs, =p Ce=Ys,/0.ps,Cc + mps,Ce (S3)

Ds; Kmaw S Sz
= i 3904 —m S4
"5 Y < Ks, +5i ) 59
The maximum specific growth rate (g, mqq corresponds to S; > K, with ¢ as the sole substrate:
1
fisimaz = 37— (Kmaz,s;, —m) (S5)

Since [is, maa 1 readily available from experimental data, it makes sense to reformulate our model in terms of this
parameter:

Kmaz,s; = Ys, /0. 108; maz + M (S6)
Microbial growth rate can then be written as:
m Si m
Tg,8; = MS{,CC =DPs; |:<,US¢7ma;c + YS»/C ) Ko _Z’_S - YS»/C Cc (S7)

where r, g, is growth rate on substrate 7 (g/L/h) and all other terms are as described previously. Substrate consumption
can be written as:

ps Kma:v,Si S’L
" Ks, + 5
We can write the total growth rate as:

m S; m
Tg = ;rg,si = Z |:pSi ((/’LSi,max + ) KS,; n Sz - YSi/CC) Cc:| (Sg)

; Ys,/c.

rs, = Ce =ps, (Ys,/c.1t8;,mas + M) C. (S8)

Kg, +5;

where all terms are as described previously.

1.2.2 T reesei privileged access to substrate

Accounting for the hydrolysis of cellulosic feedstocks to soluble bioavailable saccharides is a crucial aspect of mod-
eling the T. reesei / E. coli consortium. An important subtlety in this process is that soluble oligosaccharides (i.e.
saccharides 2 to 4 glucose monomers in size) are hydrolyzed to glucose via 8-glucosidase bound to the cell wall of T.
reesei [3], as depicted in Fig S1A. This leads to locally increased concentration of glucose at the cell surface relative
to the bulk media, thus affording privileged access to T. reesei. We perform a mass-transfer analysis to estimate the
concentration of glucose at the cell surface, making the following assumptions:



1. Soluble oligosaccharides are hydrolyzed by /3-glucosidase via a heterogenous Michaelis-Menten reaction at the
cell surface.

2. Concentration of soluble saccharides is lower than S-glucosidase affinity (Sg, < K ]@GGL) — reasonable for

co-culture conditions. '
3. No homogenous hydrolysis reactions in the bulk media.

4. Pseudo steady state conditions — reasonable due to large timescale for changes in bulk saccharide concentra-
tions.

5. Most of the glucose produced at the 7. reesei cell surface is lost to diffusion (verified in [4] for S. cerevisiae /
sucrose hydrolysis).

6. The cell surface is surrounded by a stagnant boundary layer of depth § which provides the primary resistance to
mass transfer to the bulk media (Fig S1B).

7. T. reesei mycelial geometry can be approximated as cylindrical (Fig S1B).

Based on assumption 2, we can simplify S-glucosidase kinetics to yield the following rate law for hydrolysis of
soluble saccharides:

k .
BGL cat,BGL,G; PE
Tsa, ™~ —WSGQ = —kpcr,.c.S; (S10)
MAGL
kcat, BGL,G, PE
kper.c, = — KBGL (S11)
M,Gi

where T’EC?L is the cellobiose hydrolysis rate per unit area (mmol/dm?/h), kcat,BGL,G; 1s the specific activity of 3-

glucosidase for substrate i (mmol/g-BGL/h), pg is the density of 3-glucosidase on the cell surface (g-BGL/dm?),
K EGGLL is affinity of 8-glucosidase for substrate ¢ (mM), S¢, is concentration of substrate ¢ (mM; ¢ is equivalent to
degree of polymerization DP, i.e. number of glucose monomers), and kpqr, ¢, is an apparent first-order rate constant
(dm/h). Applying conservation equations and simplifying yields the following:

V-Ng, =0 (S12)

V2Sg, =0 (S13)

where Ng, is the molar flux of substrate i (mmol/dm?/h) and other terms are as defined previously. By argument of
symmetry (Fig S1B) we can neglect all components except for the radial direction, allowing us to simply further:

1d dSa, _

The above equation can be solved to yield a concentration profile of S¢, as a function of position by applying the
following boundary conditions:

SG,; = SG,;,O atr=R+0 (S15)

S(;i = SG,i,Tr atr =R (S16)

where Sg, o is the bulk concentration of substrate ¢ (mM), Sg, 7+ is the concentration of substrate ¢ at the 7. reesei
mycelium surface (mM), R is the hyphal radius (dm), and § is the boundary layer thickness (dm). Integrating and
applying the above BCs yields:

Inr —In(R +9)

Sa; = (Sa,rr — Sa..0) R —In(R+9)

+Sa,; 0 (S17)



Next we apply a mole balance to the interface between the boundary layer and the mycelium surface, equating the
diffusive flux at the surface to the rates of hydrolysis of substrate 7 and production of substrate 7 from hydrolysis of
1 + 1 saccharides:

dSe,

B _ ..BGL _ .BGL
G ar

- TSGi - TSGi+1 = _kBGL7G1 SGVL,T’I‘ + kBGL7Gi+1SGi+1,TT (SIS)
r=R

where D, is the diffusion coefficient of substrate i (dm?/h), —Dg, difi is the diffusive flux of substrate  (mmol/dm?/h),

rBGL is the hydrolysis rate of substrate i on the mycelium surface (mmol/dm?/h), and rZS% is the hydrolysis rate
Sa; S Git1

of substrate i + 1 at the mycelium surface (mmol/dm?/h). Substituting the radial concentration profile Sg, in the
derivative above and rearranging yields the following expression for Sg, 7

Rln (%) [
—Dq,

To estimate a value for J, we can assume that the stagnant boundary layer is the primary barrier to mass transfer.
The mass transfer coefficient is then simply given by Sherwood number Sh = 2.0 and therefore 6 ~ R. The above
equation then simplifies to:

Sc,r = —kBar,c,Sa, rr + kBGL,Gi41SGis1,Tr) + Sa, .0 (S19)

~kpcr,.c;Sc; r + kBGL.Gi11SGi 1 T
De,

i

Se, e = RIn2+ Sg, o (S20)

We calculate the surface concentrations of each soluble saccharide (DP=1 to 4) as follows:

Cellotetraose: DP=4
—kpar,c.Sc.,r

S 1r = D RIn2+ Sa, 0 (S21)
Gy
Rearranging,
SG4 Tr 1
— = =1 (S22)
Sai0 1+ 7@“[’,6;]““ Z
4
with parameters defined for substrate 7 as:
1
= (S23)
1+ kpar,c: ¢
RIn2
P = S24
%= D, (S24)

where 7); is the ratio of mycelium surface concentration to bulk concentration for substrate ¢, and ¢; is the ratio of
characteristic boundary layer length to the diffusion coefficient for substrate ¢ (h/dm)

Cellotriose: DP=3
—kpar,csScs,r + kBar,caSc. Tr

SGy,1r = RIn2+ Sg, 0 (S25)
D¢,
which can be rearranged to yield:
Sasrr = kBGL,G4®3M35¢,, Tr +135G5,0 (526)
= kBGL,G.P3M3M15G,,0 + 135G,,0 (S27)

with parameters defined as above.



Cellobiose: DP=2 Proceeding as for cellotetraose and cellotriose:

Sa,,rr = kBGL,GsP2M25G,,7r + 125a5.,0 (S28)
_ —kBGL.GySGy Tr + kBGL.G3SGs T (RIn2) + Se, o (529)

DG2 2
= kpar,a,®2m2 (kBar,c, ®3m3M45G,,0 + 13565,0) + 125650 (S30)

with parameters defined as above.

Glucose For glucose, we modify the interfacial mole balance since glucose is the product of all S-glucosidase
hydrolysis reactions:

dSq, BGL , .BGL , .BGL
Gy dar L = 2rSG2 + TScy + TSe, (S31)
= —2kpcr,c,5G,,r — kBGL,GsSCs, Tr — kBGL,G. S, Tr (S32)

where all terms are as defined previously. Proceeding as above, S, 7, can be expressed as:

Scy.1r = (2kpar,c,Sc, mr + kBGL,GsSas Tr + kBGL.G SGLTr) 91 + Sci 0 (S33)

which can be simplified to the following expression by substituting in the above expressions for Sg, 7r, Sg,,7r, and
Sa,,rr and making some rearrangements:

Sa,rr = Sc,,0 +0256,,0 +035G,,0 +045c,,0 (S34)

where the 6 coefficients are recursively defined as follows:

2kBaL,G, 01
Oy = ——DCLG2OL $35
2T 1+ kpar,c,®2 (535)
kpar,G, 2 kBar,cs®1 kpar.c
0; =20 3 3 = (0 + — T S36)
ST+ kpcr.cs®3 1+ kpgr,g,®s3 (6262 + ¢1) 1+ Ekpgr,c,¢3 (
k
04 = (0303 + 1) % (S37)
g
(S38)

Proposed general framework In general, we can describe the surface concentration of any soluble saccharide in
terms of coefficients similar to those defined above for glucose. A proposed framework:

4

Sa.rr =Sa,0+ Y OksiSa,0 (S39)
k=i+1

where _,; is the contribution of substrate 7 concentration at the mycelium surface due to hydrolysis of substrate k
(mM/mM or any other ratio of consistent concentration units)

1.3 T reesei model
1.3.1 T reesei growth

T. reesei is a multicellular filamentous fungus that has different mycelial growth states. Vegetative growth and enzyme
secretion are highly active at hyphal tips, while senescent mycelium is relatively dormant [5]. Assuming that growth at
hyphal tips follows Monod kinetics and that 7. reesei is capable of simultaneous utilization of multiple soluble sugars



(i.e. glucose and soluble glucose oligosaccharides), T. reesei growth in the presence of isobutanol can be described
with a segregated kinetic model:

dC 7,1 —_— l
# = ur CTT,’U k'u—)sc v ( )
dCz T,8 — KT 7,8

= k’U*)SCl v k ’dCT i ( )

In the first expression, Cr,.,, is the vegetative mycelium concentration (g/L), pi7, is a generalized Monod function
(1/h) depending on isobutanol concentration / (g/L) and concentration of soluble glucose saccharides Sg, (g/L; i
is the degree of polymerization), and k,_,, is the specific rate of conversion of vegetative mycelium to senescent
mycelium (1/h). In the second expression, C'r,. s is the concentration of senescent mycelium (g/L) and k7, 4 is the
specific death rate of senescent mycelium (1/h). We formulate p7,- as follows:

nr,

1-) i<

Kl = ( Tr, L (S42)
0 if 1> I3,

4
) Sa, + > 0k-iSa,

mr k=i+1 mr
HTr = Kjl“r ZpSGi (,umax,Tr,Sci + YS ; - 1 - YS ; (543)
i o:/Orr Krrse, +Sa, + X OkiSa, o:/Orr
k=i+1
with Psg, =

Sa,
Z S G
J
where K7, is an empirical inhibition function (dimensionless) [1], I is isobutanol concentration (g/L), I, is the
growth inhibiting concentration of isobutanol (g/L) for T. reesei, nr, is an empirically determined exponent, (., Tr, Sa,
is maximum specific growth rate on substrate ¢ (1/h), ps,, 1is the proportion of substrate ¢ in the total substrate con-
centration (Sg,/ > Sa,), Sg, is substrate concentration%(g/L), K, Sa, is substrate ¢ affinity (g/L), the coefficients
0;,_,; are as described in section 1.2.2, mp, is the maintenance coefficient (g-substrate/g-biomass/h), and YSci /Crr
is the substrate/biomass yield coefficient for substrate ¢ (g-substrate/g-biomass). We assume that growth occurs via
utilization of multiple substrates simultaneously, as opposed to diauxic substrate utilization. Available experimen-
tal data suggests that this is a reasonable assumption for T. reesei, especially the RUTC30 strain, which contains a
loss-of-function mutation in catabolite repression gene crel [6]. Our model assumes a total substrate maintenance
requirement mr, rather than an individual maintenance term for each substrate 7; this is reasonable for substrates with
similar metabolism / energy yields (e.g. glucose and cellobiose), but could be revised for more diverse substrates.

1.3.2 T reesei enzyme secretion

Assuming that enzyme secretion is stoichiometrically coupled to growth and that composition of secreted enzymes is
constant, the following expression can be derived for cellulase production:

dE

TtT = YET/CTTIU’TTCT’I",’U + kETCTr,s (S44)
dFE; dE
pral TtT =g, [Yer o brrCrrw + kBr Crr s (545)

where Er is the total concentration of secreted enzymes (g/L), Yg,./c.,. is the enzyme/biomass yield coefficient (g-
protein/g-biomass), kg, is the specific enzyme production rate of senescent mycelium (g-protein/g-biomass/h), E;
is concentration of enzyme i (g/L), g, is the fraction of enzyme ¢ in the total secretome (E;/Er), and the other
terms are as described in previous sections. 7. reesei produces a large suite of biomass degrading enzymes, but for the
purpose of our cellulose hydrolysis model, we consider the most important enzymes [7]:

e cellobiohydrolase 1 (CBH1) and 2 (CBH?2)



e endoglucanase 1 (EG1)
e [-glucosidase 1 (BGL)

1.3.3 T reesei RUTC30 saccharide uptake

Assuming that saccharide uptake is stoichiometrically coupled to growth of vegetative mycelium and that both vege-
tative and senescent mycelia consume saccharides for maintenance, the following expression for saccharide uptake by
T. reesei can be derived:

Sa,

Sa.
70 T, + T . - C 7,8 S46
Krrso, + 5 Trw + MTrDPse Trs (S46)

Tr |: I [ S
Tse. = |Yse. jorn KT PSe, Bmaz, Tr,5¢, + M
Sa, G, /Crr 3 TrPSq; Mmaz,Tr,Sq, T i KTT‘,SGi 4 SGi

where réfg is the total rate of saccharide ¢ uptake by T. reesei (g/L/h), and all other terms are as described in previous
sections.

1.4 E. coli model
1.4.1 E. coli growth

We model E. coli growth with Monod kinetics [1], assuming that only glucose is utilized for growth (i.e. glucose
oligosaccharides cannot be metabolized):

dCgc
dt
where Cg, is E. coli concentration (g/L), jig. is specific growth rate (1/h), and kg, q is the specific cell death rate
(1/h). ppc is assumed to be a function of glucose concentration S¢,, with concentration-dependent inhibition from
isobutanol:

= (Ee — kEe,d) Cre (S47)

nBe.Sq,
I . *
Kby g, = (1 T T ) i< Tgeso,
EC,SGl - S

(S48)
0 it > I s,
I MEe,Sa, Sa, MEe,Sc,
HEc = K c. Hmaz,Ec,S, + - (S49)
Hedo [( T Y, /e ) Kbesa, +560 Yse, jcn.

where K ,{367 Se, is an empirical inhibition function (dimensionless) [1], I is isobutanol concentration (g/L), If;,. Se,
is the growth inhibiting concentration of isobutanol (g/L) for E. coli, ngc s, is an empirically determined expo-
nent, fmaz,Ee,Sq, is maximum specific growth rate of E. coli on glucose (1/h), K Ec,S, is glucose affinity (g/L),
Ysq, /Cp. 18 the glucose/biomass yield coefficient (g-substrate/g-biomass), and mpe,s,, is the maintenance coeffi-
cient (g-substrate/g-biomass/h).

1.4.2 E. coli saccharide uptake

Substrate uptake is assumed to be stoichiometrically coupled to growth. Additionally, experimental data for E. coli
demonstrates non-growth associated substrate uptake (i.e. during stationary phase) for maintenance / isobutanol pro-
duction [8]. We then model uptake of glucose as follows:

Sc,

Nmam,Ec,Scl SG1
———— ¢ Crct+ MEcsq,
Kgesq, + 5a,

CEe S50
Kge,sq, + Sa, g (530)

FEec __ I
Tscl - YSGI/CECKEC,Sgl

where rgccl is the rate of total glucose uptake by E. coli (g/L/h), and the other terms are as described in previous

sections.



1.4.3 E. coli isobutanol production

Unlike many metabolic products, isobutanol production is not stoichiometrically coupled to growth, since substantial
isobutanol production is observed during stationary phase [8]. To account for this, all consumed substrates, both for
growth and maintenance, will be assumed to be converted to isobutanol. For generality, we allow yield coefficients to
vary between growth and non-growth associated substrate uptake:

al _ yrgrowth

I Hmaz,Ec,Sa, SGI maint SGl
% " 1/Sq, YSGl/CECKECvSGl CEC + YI

_ MEe,S — Cge. (851)
Kge,sq, +5c, /Say B Kge,sq, + 56, F

Ygrowth
1/Sc,
non-growth (maintenance) isobutanol/glucose yield coefficient (g-iButOH/g-substrate), and other terms are as de-

scribed previously. In the case of E. coli K12, both yield coefficients would be O (i.e. no isobutanol production).

where is the growth associated isobutanol/glucose yield coefficient (g-iButOH/g-substrate), Yﬁggm is the
1

1.5 Enzymatic cellulose hydrolysis: general framework

There are numerous models reported in literature for microbial growth on cellulose [7]. However, few of these models
accounts for the hydrolysis of cellulose to soluble saccharides. Competition between E. coli and T. reesei for soluble
saccharides is a crucial ecological interaction that needs to be accounted for to accurately predict population dynamics,
behavior, and isobutanol production in the TrEc consortium. Enzymatic cellulose hydrolysis is a complex process that
is poorly understood, and remains an active area of research [7]. There are two main classes of cellulase: endoglu-
canases and cellobiohydrolases (also known as exoglucanases) [7]. Most cellulolytic organisms produce multiple, even
dozens of cellulases of each type [7]. As a starting point for developing mechanistic models of cellulose hydrolysis,
we utilize the general framework for enzymatic cellulose hydrolysis proposed by [7] and [9], which we describe in the
following sections. Additionally, we also include generalized soluble saccharide mole balances that describe rate of
production/consumption due to enzymatic hydrolysis and microbial uptake.

1.5.1 Endoglucanase

Endoglucanases adsorb at random to cellulose molecules and cleave them to release two shorter chain polysaccharides
[9]. This mechanism can be represented as [9]:

EGm
kEpam

KE
Sa, + Eggm +—— Sa, - Esam — Egam + Sa,_, + Sa, (S52)

where E'rg., is endoglucanase m, K gfm is the dissociation constant for endoglucanase m (mM bonds), kg, is the

rate constant of adsorbed Ergy, (mmol-bonds/g-EGm:-S¢,/h), ¢ and j are cellulose chain lengths, with 1 < j < 4,
Sc, - Egam is adsorbed Egayy,, and other terms are as previously described. The rate of hydrolysis of saccharide S¢,
by endoglucanase m is then [9]:

rEe™ = —kgom [Sa, - Brcm) (S53)

where rggm is hydrolysis rate (mM-bonds/h) and [S¢, - Ercm] is the mass concentration of Erc., adsorbed to Sg,

(g/L). Cellulose saccharides S, can be formed from endoglucanase hydrolysis of longer cellulose molecules Sg, ,
with k£ > 4. The rate of hydrolysis of S, to S, is equal to the overall rate of hydrolysis of S¢, times the fraction
of hydrolysis events that lead to a chain length Sg,, fa, —q,. If all glycosidic bonds are cleaved at an equal rate, then
fa—a, =2/ (k — 1), leading to the following [9]:

2

Toe s, = fanmarse = — 5 —qkeem S, - Epaml (S54)
The overall rate of formation of S¢, by endoglucanase is then the sum of the rate of hydrolysis of S, and the rate of
formation of S, from S¢, with & > ¢ [9]:



r§0™ = —kpom [S6, - Epam] — Y fa—arée” (855)
k>1
2
= —kpom [Sc. - Bram) + Y, ———kpam [S¢, - Epcm) (S56)

k>ik_1

where the upper limit of the summation is implicitly understood as DP,,,,, (maximum polysaccharide length ¢ for
given type of cellulose) and other terms are as described previously.
1.5.2 Exoglucanase

In contrast to endoglucanases, exoglucanases (often referred to as cellobiohydrolases) bind to the ends of cellulose
chains and processively hydrolyze cellobiose units. Mechanistically, this can be represented as [9]:

CBHm

Kgis k m
SGi + Ecpam YL LB Sgl -EcBHmM L, Ecpam + SGz—Q + SG2 (857)
where Ec iy, represents cellobiohydrolase m, K C%EH ™ is the dissociation constant for cellobiohydrolase m (mM

bonds), ko prm is the rate constant of adsorbed Ec g, (mmol-bonds/g-CBHm-S¢,/h), Se, - Ecpam 18 adsorbed
Eram, and the other terms are as described previously. The rate of hydrolysis of saccharide S, by cellobiohydrolase
is then [9]:
rse e, = —kepmm [Sa: - Ecpim] (S58)

where terms are similar to those described for endoglucanase. S¢; can also be formed from cellobiohydrolase hydrol-
ysis of ¢ + 2 chain length cellulose molecules. The overall rate of formation of S, by cellobiohydrolase is then the
sum of the rate of hydrolysis of S¢, and the rate of formation of Sg, from 7 4 2 saccharides [9]:

TgfL_Hm = —kcpam [Sa, - Ecam] + kepam [S6.y. - EcBHm] (859)
where terms are as described in previous sections. The overall rate of formation of S¢, is the sum of cellobiohydrolase
hydrolysis rates for all saccharides Sg, for: > 3 :

TgGBQHm = kcam Z [Sc; - EcpHm) (S60)
i>3

where the upper limit of the summation is implicitly understood as D P,, ... and other terms are as described previously.

1.5.3 [-glucosidase

(-glucosidase hydrolyzes cellobiose and other soluble cellulose oligosaccharides to glucose [10]. For soluble saccha-
rides of DP ¢ = 2..4 this can be mechanistically represented as:
BGLm

G, dis

kBGLm,G;
Sc, + EpgLm <—— Sag, - Eparm -

Eparm + Sa,_, + Sc, (Se61)
where Epgrm represents 5-glucosidase m, K ngLZ;” is the dissocation constant for S-glucosidase m (mM substrate),
kBGLm,c; 18 the rate constant of adsorbed Ep¢ ., (mmol-bonds/g-BGLm-S¢,/h), Si, - EpcLm is the 5-glucosidase /
substrate complex, and the other terms are as described in previous sections. The rate of hydrolysis of S, or formation
of S¢, is then:

r?ﬁm = *TEGG;Lm = —kparm.c; [Sa; - EBGLm) (562)

BGLm

For cellobiose, r Sc,

= 2kBGLm.G, [SG, - EBcLm] since two glucoses are produced per cellobiose.
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1.5.4 Saccharide mass balances

In general, saccharide mass balances must account for both enzymatic cellulose hydrolysis and microbial saccharide
uptake. However, insoluble cellulose molecules (chain length ¢ > 4) are not utilized biologically. Thus for chain
length 7 > 4 cellulose molecules, net rates of formation from endoglucanase and cellobiohydrolase need only be
considered. Writing a mass balance for each cellulose molecule of chain length ¢ with ¢ > 4 yields [9]:

dSa,
dt

= EG”+ZTCBH" fori >4 (S63)

where all terms are as described in previous sections. For the case of the 7. reesei cellulase system, consisting of
endoglucanase 1 (EG1), cellobiohydrolase 1 (CBH 1), and cellobiohydrolase 2 (C'BH2), the mass balances reduce
to:

dSe,
SO = BG4 GBI G for i > 4 (S64)

where all terms are as described in previous sections. For soluble saccharides, microbial saccharide uptake and -
glucosidase hydrolysis must also be considered. For a co-culture of T. reesei and E. coli, writing a mass balance on
cellulose molecules of chain length 1 < 4 < 4 yields:

@56, _ §G1+7~CBH1+7~§BH2+7~§GL—71 (TST +rée ) forl1 <i<4 (565)

dt G G G, M WSG ‘ el

where M WSG is the molecular weight of S, (g/mmol), and all other terms are as described in previous sections.
Most E. coli strains cannot metabolize cellulose oligosaccharides and are thus only able to use S¢, ; additionally, while
it seems biologically plausible, there is little evidence to support significant uptake and metabolism of ¢ > 2 glucose
saccharides by T. reesei. We thus reduce the ¢ < 4 saccharide balances to:

ds

df —rgfl—FrCBHl—FrgfiHQ—!—rggL for3 <i<4 (S66)
dSa EG CBH CBH BGL 1 T

dt2 —rSG1+r 1+7’SG2 2+7’SG2 - MWS TSe, (567)
dSa EGL | (CBH1 | (CBH2 4 BGL _ T

where all terms are as described in previous sections.

1.6 Enzymatic cellulose hydrolysis: kinetics and rate laws

Deriving tractable kinetic expressions for enzymatic cellulose hydrolysis requires making simplifying assumptions,
many of which are idealizations that do not apply to real systems. Zhang and Lynd [9] derived rate laws for endoglu-
canase and exoglucanase by incorporating enzyme mass balances with adsorption equilibria and making the following
simplifying assumptions:

1. Random adsorption.

2. Continuous equilibrium between adsorbed and free components.

3. No interactions between adsorbing components / affinity does not vary with fractional coverage.
Substrate binding sites are in excess of enzyme.

Constant substrate reactivity.

AN U

Negligible inhibition from hydrolysis products (e.g. Sg, and Sg,).
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Some of the assumptions made in [9] are clearly not applicable to enzymatic cellulose hydrolysis in the TrEc consor-
tium. In particular, the assumption of excess substrate binding sites is valid only in the early stages of growth; during
later stages, when enzyme concentrations are maximal and cellulose concentrations low, substrate binding sites are
clearly not in excess of enzyme binding sites [7]. Additionally, in real systems, substrate reactivity (defined in terms of
apparent rate constants k) is found to decrease by one to two orders of magnitude as cellulose conversion approaches
100% [7].

To better model enzymatic cellulose hydrolysis with the TrEc consortium, we advanced Zhang and Lynd’s model
[9] by deriving a new set of kinetics for endoglucanase and exoglucanase. Our derivation incorporates substrate site
balances and empirical correlations for declining reactivity, described below. As a secondary consideration, we also
include empirical non-competitive product (S, and Sg,) inhibition expressions in our kinetics, though these terms
are likely to be unimportant since soluble saccharide concentrations are generally low during TrEc consortium growth
on cellulosic substrates.

1.6.1 Endoglucanase

As described in section 1.5.1, the overall rate of formation of S, by endoglucanase is the sum of the hydrolysis rate
of S¢, and the rate of formation of S¢, from S¢, hydrolysis with k& > 4 [9]:

5o = —kpcm [Sc, - Encm)] + >

k>1i

1 kEGm 156, - BpGm] (856)

where the upper limit of the summation is implicitly understood as D P,,,, (maximum polysaccharide length ¢ for
given type of cellulose) and terms are as described previously. Computing TE &m requires us to express [Sq, - Epgm]
in terms of known or measurable variables. Zhang and Lynd [9] derive such expressions by incorporating E gy, mass
balances with the E'gg,,, adsorption equilibrium, given below:

Adsorption equilibrium [9]:

EEG’m fo
KEGm _ _ ZBGmJT) (S69)
dis > [S¢: - Epam]

i>2

where Epcm, s is concentration of free (i.e. unadsorbed) endoglucanase m (g-EGm/L), Cy is concentration of free
substrate binding sites (mM bonds), the upper limit of the summation is implicitly understood as D P,,,,,;, and other
terms are as described previously.

Enzyme balance [9]:

Epom = Escm.s + Y [S¢, - Encm) (870)

i>2

where the upper limit of the summation is implicitly understood as D P,, .. and other terms are as described previously.

We modify the derivation described in [9] by incorporating a balance on substrate binding sites [9]:

EEGm}
F — 1 Sa. = 2 m Cs S71
; (¢ el ; aEG MWEGm + Cy (S7D)

where F}, is the fraction of enzyme accessible S-glycosidic bonds, o gy, is the number of cellobiose lattice units occu-
pied by a single molecule of endoglucanase m, M W gan, is the molecular weight of endoglucanase m (g-EGm/mmol),
C'y is the concentration of free 5-glycosidic bonds accessible to cellulase (mM bonds), and the upper limit of the sum-
mation is implicitly understood as D P,,,.. We then derive expressions for [S¢g, - Egcm]:

12



(i—1) S,

. Epem] = ——22% vy 72
S6.- ren] = 51y 50 (872)
i>2
1 ]
Y = byi b} — ——FEpam »_ Fa(i—1)Sq, (S73)
BEGm =

KEGm 1
by = Epcm + —%5— +
BEGm /BEG’H’L

Y Fu(i—1)Se, (S74)
i>2
2aEGm

o 20BGm_ S75
BEc MWacn (S875)

where all terms are as described previously. Incorporating balances on both enzyme binding sites and substrate bind-
ing sites into the adsorption equilibrium expression results in a quadratic equation in [S¢g, - Eggm]; the physically
meaningful root of Y is the one for which binding site balances are satisfied: 0 < [Sg, - Ergm]| < Fpem and
0 < [Sq, - Eeem] < (1/Beam) ;Fa (t—1)Sq, [7].

7

The overall rate of formation of Séi due to endoglucanase is then:

k
EGm o EGm N
Sc = 72 (Z 1 SG (2 E SGk Z 1 S ) (S76)

5 k>i

where all terms are as described previously.

1.6.2 Exoglucanase

As described in section 1.5.2, the overall rate of formation of Sg, by cellobiohydrolase is the sum of the hydrolysis
rate of S¢, and the rate of formation of S¢;, from hydrolysis of ¢ + 2 saccharides [9]:

Tngm = —kcam [S6, - Ecpam) + keprm [Sc,.s - EcBrm) (859)

Computing rCB Hm

requires us to express [Sq, - Ecpmm] in terms of known or measurable variables. Zhang and
Lynd [9] derlve expressions for [Sq, - Fcprm) analogous to the above described procedure for endoglucanase, that

is by incorporating Ec gy, mass balances with E¢ g ., adsorption equilibrium, shown below:
Adsorption equilibrium [9]:
E m.+C
KCBHm _ CBHm,fYf (S77)

dis Y [Sa: - Ecpam)
i>3

where Ecprm, f is concentration of free (i.e. unbound) cellobiohydrolase m (g-CBHm/L), C’ is concentration of free
substrate sites (mM bonds), the upper limit of the summation is implicitly understood as D P,),,;, and other terms are
as described previously.

Enzyme balance [9]:

Eopum = Ecpams+ Y [Sa, - Ecpm) (S78)
i>3

where terms are as described previously.
We modify the approach described in [9] by including a balance on substrate binding sites [9]:

[Sc, - EcBHm)
2F, S, =y =8 ZOBHml | & (S79)
; “ ; MWCBHm !
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where M We g, 18 the molecular weight of cellobiohydrolase m (g-CBHm/mmol), the upper limit of the summation
is implicitly understood as D P,,,,., and other terms are as described previously. Note that we assume cellobiohydro-
lases adsorb only at cellulose chain ends. We then derive expressions for [S¢, - Ecprm]:

Sa

[Sc, - EcBram] = 5 SG Z (S80)

i>3

8F,E m
szi by — — B N, (S81)
ﬁCBHm i>3
K(?BHm

b, = E m =2 S S82
z - ent Bepam ﬁCBHm Z “ (582)
where Sopam = 1/MWepHn, and all other all terms are as described in previous sections. Incorporating bal-

ances on both enzyme binding sites and substrate binding sites into the adsorption equilibrium expression results in a
quadratic equation in [S¢, - Ecpam]; the physically meaningful root of Z is the one for which binding site balances
are satisfied: 0 < [SG,i . ECBHm] < FEepam and 0 < [SG,- ECBHm] < MWeBHM Z 2F, SGi [7]. The overall

rate of formation of S, by cellobiohydrolase is the sum of the hydrolysis rate of S¢;, and the rate of formation of Sa,
from hydrolysis of 7 + 2 saccharides:

k
C m cBHmZ
e = g (Sou = Sa) (583)

>3

where all terms are as described previously. The overall rate of formation of Sg, is the sum of cellobiohydrolase
hydrolysis rates for all saccharides S¢, for ¢ > 3:
rsel™ = kepnmZ (S84)

where all terms are as described previously.

1.6.3 [-glucosidase

We adopt multisubstrate Michaelis-Menten kinetics for 3-glucosidase [10]:
BGLm _ kpcrm,c, EBGLmSG (S85)

TSG — g
G
KEGLIm (1 + 5t z m)

J\IG

where K %™ is the Michaelis constant for S¢;, (mM), KESX™ is the glucose inhibition term (mM), and other terms
are as descrlbed in previous sections. The total rate of glucose production via 3-glucosidase is then:

4

BGLm . BGLm BGLm
TSe, —2rg — TSe. (S86)
1=2

1.6.4 Empirical relations for substrate reactivity and product inhibition

Declining substrate reactivity It has long been observed that specific rates of cellulose hydrolysis (i.e. rate per
adsorbed cellulase) decline by one to two orders of magnitude as the reaction proceeds to completion [7]. Numerous
explanations for this phenomenon have been proposed, but presently the most widely accepted theory is declining
substrate reactivity [7]. Whatever the cause, the phenomenon can be empirically modeled. We adopt the following
model which describes rate constants for cellulose hydrolysis as a function of substrate conversion [11]:

km = km,maw [fdeact (1 - X)ndeaCtmL + (1 - fdeact)] (887)
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Z MWG7 (SGq to = SGi t)
>4
X = S I se (S88)
i>4

where k,, is the apparent rate constant for enzyme m (m = EG1, CBH1, or CBH?2 in the case of the T. ree-
sei cellulase system; mmol-bonds/g-m/h), &, 1mqz the maximum rate constant for enzyme m (i.e. at 0% conversion;
mmol-bonds/g-m/h), 1 — fjeqct is fractional residual activity, ngeqet,m 1S an empirically determined exponent for cellu-
lase m, X is substrate conversion (g-consumed/g-initial), M W, is the molecular weight of saccharide G; (g/mmol),
5S¢, |t 18 the initial concentration of saccharide G; (mM), Sg, |+ is the concentration of saccharide G; at time t (mM),
and the upper limit of the summation is implicitly understood as D P,,, -

Product inhibition Glucose and cellobiose have been observed to non-competitively inhibit most cellulase enzymes
[7]. Expressions for inhibition can be formally derived from reaction mechanisms; rather than performing a formal
derivation for each enzyme, we empirically describe non-competitive inhibition in terms of an apparent reaction rate
constant [12]:

km,mar
kﬂ’L = 1 S, Sa, (S89)
+ 5t R

where K 2}1 and K g;z are dissociation constants between enzyme m (m = EG1, CBH1, or C BH2 in the case of the
T reesei cellulase system; g/l or mM) and S¢, and S¢, respectively, and all other terms are as described previously.
During microbial growth on cellulose, soluble saccharide concentrations are likely to be very low, so accounting for
product inhibition is probably unimportant. However, for completeness we include inhibition in our model.

Combined expression for declining reactivity and substrate inhibition The above empirical expressions can be
combined to describe effects of declining substrate reactivity and product inhibition on reaction rate constants:

fdeact (1 - X)ndeacmn + (1 - fdeact)

S S
1+ =4 + =2
KGl KG2

(S90)

km = km,maw

where all terms are as described previously.

1.7 Model summary

We provide a brief synopsis of our modeling framework in this section. See preceding sections for a full description
of our model, including mass transfer analysis of the T. reesei cell surface, rate law expressions and derivations,
and discussion of semi-mechanistic enzymatic cellulose hydrolysis models. For details regarding implementation
of the model in MATLAB, see section 2.1. To summarize, we developed a comprehensive ordinary differential equa-
tion (ODE) modeling framework that captures salient features of the TrEc consortium. We derived rate expressions
for microbial growth, microbial uptake of soluble saccharides, production of cellulase enzymes (endoglucanase, ex-
oglucanase, and $-glucosidase) by T. reesei, enzymatic cellulose hydrolysis (based on novel semi-mechanistic models
for each type of enzyme), isobutanol production by E. coli, and isobutanol toxicity. The model was developed by
writing differential mole/mass balances (for a batch reactor) for each species of interest, including microbial biomass
(T. reesei and E. coli), cellulase enzymes, insoluble cellulose polysaccharides, soluble oligo and monosaccharides,
and isobutanol. Our model explicitly accounts for each possible cellulose saccharide S¢,, where ¢ is the number of
glucose monomers. Thus the total number of ODEs will depend on the degree of polymerization (DP) distribution of
Sa,, which varies between different cellulosic substrates. For a given S, distribution, a total of 5 + DP,,,,, ODEs
are required, where D P,,,,, is the maximum DP of the cellulosic substrate. We give a brief overview of our modeling
framework in the following sections, including key mole/mass balances.

Note: equation numbers in this summary correspond to those in the preceding sections.
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1.7.1 T. reesei biomass balances

T. reesei is a multicellular filamentous fungus that has different mycelial growth states. Vegetative growth and enzyme
secretion are highly active at hyphal tips, while senescent mycelium is relatively dormant [5]. Assuming that growth at
hyphal tips follows Monod kinetics and that 7. reesei is capable of simultaneous utilization of multiple soluble sugars
(i.e. glucose and soluble glucose oligosaccharides), T. reesei growth in the presence of isobutanol can be described
with a segregated kinetic model:

ac v
% = IU/TrCTr,v - kasCTr,'u (S40)
dCrrs
% = kv—)sCTr,v - kTr,dCTr,s (S41)

where Cr,, is vegetative mycelium concentration (g/L), pu7, is a generalized Monod function (1/h) depending on
isobutanol concentration I (g/L) and concentration of soluble glucose saccharides S¢, (g/L; 7 is the number of sugar
monomers), k,_,s is the specific rate of conversion of vegetative mycelium to senescent mycelium (1/h), Crp; 5 is
the concentration of senescent mycelium (g/L), and k7, q is the specific death rate of senescent mycelium (1/h). See
section 1.3.1 for further details.

1.7.2 Enzyme balances

Assuming that enzyme secretion is stoichiometrically coupled to growth and that composition of secreted enzymes is
constant, the following expression can be derived for cellulase production:

dE

Tf - YET/CTTIU’T’I‘CTT7U + kETCTT’S (S44)
dE; dE
dt = TE; Tf =TE; [YET/CT7~/’[’TTOT7‘»U + kET CTT“S] (545)

where Er is the total concentration of secreted enzymes (g/L), Yg,.,c,. is the enzyme/biomass yield coefficient (g-
enzyme/g-biomass), k. is the specific enzyme production rate of senescent mycelium (g-enzyme/g-biomass/h), E;
is concentration of enzyme i (g/L), and x g, is the fraction of enzyme ¢ in the total enzyme secretome (E;/Er). Our
model accounts for the major 7. reesei cellulases: cellobiohydrolase I (i = C' BH 1), cellobiohydrolase Il (i = CBH2),
endoglucanase I (i = EG1), and S-glucosidase 1 (i = BGL). See section 1.3.2 for further details.

1.7.3 Enzymatic cellulose hydrolysis

We utilize the general framework for enzymatic cellulose hydrolysis proposed by [7] and [9] to derive semi-mechanistic
rate laws for each type of cellulase (endoglucanase, exoglucanase, and (3-glucosidase), as summarized below:

Endoglucanase Endoglucanases adsorb at random to cellulose molecules and cleave them to release two shorter
chain polysaccharides [9]:

EGm

Sa, + Epom < Sa, - Bpam ~22 Bpam + Sa,_, + Sa, (852)
where Fran, is endoglucanase m, Sg, are cellulose polysaccharides, K fifm is the dissociation constant for en-
doglucanase m (mM bonds), kg, is the rate constant of adsorbed Erg., (mmol-bonds/g-EGm-S¢,/h), ¢ and j are
cellulose chain lengths (with 1 < j < 4), Sq, - Eggm 18 adsorbed Egam,, and other terms are as previously described.
The overall rate of formation of S¢, by endoglucanase is then the sum of the rate of hydrolysis of S¢, and the rate
of formation of S¢, from S, with &k > <. The hydrolysis rate of Sg, to Sg, is equal to the overall hydrolysis rate
of S¢, times the fraction of hydrolysis events that lead to a chain length S¢,, fa,—q,. If all glycosidic bonds are
cleaved at an equal rate, then fg, ¢, = 2/ (k — 1), leading to the following [9]:
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r§0™ = —kpom [S6, - Epam] — Y fa—arée” (855)
k>1
2
= —kpom [Sc. - Bram) + Y, ———kpam [S¢, - Epcm) (S56)

k>ik_1

where rggm is hydrolysis rate (mM-bonds/h), [Sq, - Eggm] is the mass concentration of Eggy, adsorbed to Sg,
(g/L), the ﬁpper limit of the summation is implicitly understood as D P,,,., and other terms are as described previ-
ously. We developed expressions for [Sg, - Epam] in terms of measurable variables by incorporating enzyme mass
balances and substrate binding site balances with the endoglucanase adsorption equilibria. See section 1.6.1 for
derivation and final rate law expression.

Exoglucanase In contrast to endoglucanases, exoglucanases (often referred to as cellobiohydrolases) bind to the
ends of cellulose chains and processively hydrolyze cellobiose units. Mechanistically, this can be represented as [9]:

CBHm
is k m
Sa: + Ecprm <~ Sa, - Ecpam ——= Ecpam + Sc,_» + Sa, (S57)

where terms are analogous to those described for endoglucanase. The overall rate of formation of S¢, by cellobio-
hydrolase is then the sum of the rate of hydrolysis of Sg, and the rate of formation of S¢, from ¢ + 2 saccharides

[9]:

r%}i’“”” = —kcpam [96, - Ecprm) + kcim [Sciys - EcBHm) (S59)

where terms are analogous to those described for endoglucanase. The overall rate of formation of S¢, is the sum of
cellobiohydrolase hydrolysis rates for all saccharides S¢, fori > 3 :

rse '™ = keprm > [Sc, - Ecprm] (S60)
i>3
where the upper limit of the summation is implicitly understood as DP,,,, and other terms are as described previ-
ously. Similar to our endoglucanase deriviation, we developed expressions for [S¢, - Ecprm] in terms of measurable
variables by incorporating enzyme mass balances and substrate binding site balances with exoglucanase adsorption
equilibria. See section 1.6.2 for derivation and final rate law expression.

[B-glucosidase [-glucosidase hydrolyzes cellobiose and other soluble cellulose oligosaccharides to glucose [10]. For
soluble saccharides of DP ¢ = 2..4 this can be mechanistically represented as:

BGLm
S dis k m,G;
Sa, + Epcrm "% Sa, - Epcrm ——% Epaim + Sa,_, + Sa, (S61)

where terms are analogous to those described above. The rate of hydrolysis of S¢, or formation of S¢, is then:

T?ng = —Tg(;Gle = —kparm.c; [Sa; - EBGLm] (562)

where terms are analogous to those described above. For cellobiose, ngLm = 2kpaLm,G, [5G, - EBGLm] since two
1

glucoses are produced per cellobiose. See section 1.6.3 for further description of S-glucosidase rate laws.

1.7.4 E. coli biomass balance

We assume that E. coli utilizes only glucose for growth (i.e. cannot metabolize glucose oligocaccharides). Growth can
be then be reasonably modeled with Monod kinetics [1]:

dCg.
dt

= (tEe — kEe,d) Cre (547)
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where C'g. is the concentration of E. coli (g/L), f1. is specific growth rate (1/h), and kg, 4 is the specific cell death rate
(1/h). pg. is assumed to be a function of glucose concentration Siq (g/L), with concentration-dependent inhibition
from isobutanol; see section 1.4.1 for further details.

1.7.5 Isobutanol mass balance

Unlike many metabolic products, isobutanol production is not stoichiometrically coupled to growth, since substantial
isobutanol production is observed during stationary phase [8]. To account for this, all consumed substrates, for both
growth and maintenance, will be assumed to be converted to isobutanol; for generality, we allow yield coefficients
to vary between growth and non-growth associated substrate uptake. Accounting for both growth and maintenance
associated isobutanol production yields the following mass balance:

mazn SGl

dl __ yrgrowth MEes
1/8 oG
/8¢y ' Kpe,sq, 5,

=Y Ce (S51)

Ysg, /cp.bbcCEe + Y

where Yff; wt js the growth associated isobutanol/glucose yield coefficient (g-iButOH/g-substrate), K g Se, 1s glu-
cose affinity (g/L), MEe,Sq, is the maintenance coefficient (g-substrate/g-biomass/h), and Yf]gmt is the non-growth
(maintenance) isobutanol/glucose yield coefficient (g-iButOH/g-substrate), and other terms are as described previ-
ously. In the case of E. coli K12, yield coefficients are O (i.e. no isobutanol production). See section 1.4.3 for further

details.

1.7.6 Cellulose polysaccharide (DP> 4) mole balances

In general, saccharide mass balances must account for both enzymatic cellulose hydrolysis and microbial saccharide
uptake. However, insoluble cellulose molecules (chain length 7 > 4) are not utilized biologically. Thus for chain
length ¢ > 4 cellulose molecules, net rates of formation from endoglucanase and cellobiohydrolase need only be
considered. Writing a mole balance for each cellulose molecule of chain length ¢ with 7 > 4 yields:

dS(; .
: gfl TCBHI Tg]C?iHQ fori > 4 (361)
where SG is the concentration of saccharide ¢ (l’l’lM) rg

(mM/h; section 1.6.1), rCBH ! is hydrolysis rate of saccharlde i by cellobiohydrolase I (mM/h; section 1.6.2), and
rGBH? |

§S1 is hydrolysis rate of saccharide i by endoglucanase I

is hydrolysis rate of saccharide 7 by cellobiohydrolase II (mM/h; section 1.6.2). See section 1.5.4 for further
detalls

1.7.7 Soluble mono and oligosaccharide (DP< 4) mole balances

For soluble saccharides, microbial saccharide uptake and -glucosidase hydrolysis must also be considered. Most
E. coli strains cannot metabolize cellulose oligosaccharides and are thus only able to use S¢, ; additionally, while it
seems biologically plausible, there is little evidence to support significant uptake and metabolism of 7 > 2 glucose
saccharides by T. reesei. Writing mole balances for saccharides ¢ < 4 based on the preceding assumptions yields:

dSg; G c c G '
7 —’I”gcl-l-?” BH1+TS£H2+T§GiLfor3§z§4 (S66)
dSc, EG1 CBHl CBH?2 BGL 1 Tr
i ’I"SG + rs + TSG2 + TSG2 — MWSG2 TSG2 (S67)
dSa, _ _ pBG1 | ,CBH1 | ,CBH2 |  BGL _ (TTT‘ 4 pBe ) (S68)
dt Sa, Sa, Sa, SG1 MWS(;l Sa, Sa,
where S¢, is the concentration of saccharide 4, rgGl is hydrolysis rate of saccharide ¢ by endoglucanase I (mM/h;
section 1.6.1), ?"CBH 1is hydrolysis rate of saccharlde i by cellobiohydrolase I (mM/h; section 1.6.2), T’CBH 2 s

BGL

hydrolysis rate of saccharlde 1 by cellobiohydrolase II (mM/h; section 1.6.2), rg " is hydrolysis rate of saccharide 1

by S-glucosidase I (mM/h; section 1.6.3), MWy, is molecular weight of saccharide 1 (g/mmol), rgg is uptake rate

18



of saccharide ¢ by 7. reesei (g/L/h; section 1.3.3), and rgél is uptake rate of glucose by E. coli (g/L/h; section 1.4.2).
See section 1.5.4 for further details.

1.8 Simplified TrEc consortium model for stability analysis

We developed an abridged model of the TrEc consortium to facilitate stability analysis and investigation of cooperator-
cheater dynamics. We utilized versions of this model with and without isobutanol production and toxicity effects. We
model organism growth and substrate uptake with Monod kinetics; for simplicity we neglect maintenance substrate
uptake. To reduce model complexity, we simplified cellulase kinetics to a single Michaelis-Menten rate law in terms of
total cellulose concentration and total cellulase concentration; we assume cellulose is hydrolyzed to cellobiose, which
is then hydrolyzed to glucose via [3-glucosidase; all other polysaccharide intermediates are lumped into the cellulose
term. A description of the model is given in the following sections.

1.8.1 T reesei growth and substrate uptake

We model T. reesei growth and substrate uptake using Monod kinetics. For simplicity we neglect different mycelium
types and assume that glucose is the sole growth substrate. An important subtlety is that cellobiose is hydrolyzed to
glucose via cell-wall localized S-glucosidase of 7. reesei [3], as depicted in Fig S1. This leads to locally increased
concentration of glucose at the cell surface relative to the bulk media, thus affording privileged access to 7. reesei. We
used the mass-transfer analysis described in section 1.2.2 to estimate glucose concentration at the cell surface.
T. reesei growth and substrate uptake rates are then:

dCrr  pmaz.rr 4
Crr _ Hmastr (56, +06,56156,) ¢, (891)
dt Ksrr + 86, + 0c,-6,5¢6,

and

Tr
TSGI = YSgl /CTT:LLTT‘CTT‘

Kmax,Tr (SGl + 0G2*>G1‘SG2)

=Y, Crr S92
Se/Crr Ksrr +Sc, +0c,-6,5, T (592)
where all terms are analogous to those defined previously.
1.8.2 E. coli growth and substrate uptake
We use Monod kinetics to model E. coli growth and substrate uptake as:
dCEc Hmax ECSGl
= : Cge S93
dt Ks ge + Sa, P (595)
and
& =Y, C
TSq, = ¥Sq,/CrcHECEC
Mmazx ECSG1
=Y, ————CEge. S94
Se1/Cre g oo+ S, P (594)

where all terms are analogous to those defined previously.

1.8.3 Enzyme production by T. reesei

We assume that enzyme secretion by 7. reesei is directly coupled to growth:

dEcel
dt

=Yg, cr b Crr

a o Kmaz,Tr (SG1 + 9G24)Gl SGz)
cel/ Tr KS,T’!‘ + SGI + 9G2—>G1 SG2

Crr (S95)
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and

dEparL
dt

=YEepa, /CrrHTr Crr

Mmax,Tr (SGl + 9G2—>GISG2)
Ksrr + S, +0c,-6,5

=YEpor/Crr Crr (S96)

where E..; is total cellulase (i.e. endoglucanase and exoglucanase) concentration (g/L), Epqgy, is total S-glucosidase
concentration (g/L), Y&, /c,.,. is the cellulase / biomass yield coefficient (g-cellulase/g-biomass), Yg,, /¢y, is the
(-glucosidase / biomass yield coefficient (g-3-glucosidase/g-biomass) and other terms are as defined previously. Due
to the direct coupling between 7. reesei growth and enzyme production, we can write enzyme concentration as:

Ecet =Yg,../cr, Crr (897)
Epcr =Yeger 00, Crr (S98)

1.8.4 Cellulose hydrolysis

We describe cellulase kinetics using a Michaelis-Menten rate law. For simplicity we neglect different types of cellu-
lases, declining reactivity with conversion, and product inhibition, and lump all polysaccharides into a single cellulose
concentration variable:

cel _ _ cel _ kcelEcelSC

= = = S
TSGQ © KM,cel + SC ( 99)

where rgec; is cellobiose production rate (g/L/h), rgel is cellulose hydrolysis rate (g/L/h), k.; is the rate constant
(g/g-cellulase/h), Sc is total cellulose concentration (all polysaccharides with DP > 2; g/L), and K ¢ is cellulase

affinity (g/L).

1.8.5 Cellobiose hydrolysis

We describe -glucosidase kinetics using a Michaelis-Menten rate law:

Bar _ kBorEBcrSa,

BGL _
= —rBGL =
G2 Ky par + Sa,

TSGI =T

(S100)

where rgg’lL is glucose production rate (g/L/h), kg is the rate constant (g/g-3-glucosidase/h), Ky par is B-

glucosidase affinity (g/L), and other terms are as described previously.
1.8.6 Cellobiose mass balance

We write a mass balance on cellobiose accounting for production via cellulose hydrolysis and consumption via (-
glucosidase hydrolysis:

dSG2 _ Tcel o T,BGL
dt Say Say

_ keeaBeetSc kperEBcLSc,
Kyree + 5S¢ Kupar + Sa,

(S101)

where all terms are as described previously
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1.8.7 Glucose mass balance

We write a mass balance on glucose accounting for production via cellobiose hydrolysis and microbial consumption:

dSGl _TBGL TEC _,rT’l‘
dtr Sa, Saq Sa,q

Ky ar + Sa, 61 /Cre Ks ge+ Sa,

. Kmaz, Tr (SG1 + 0G2—>G15G2)
/Cre Ks 1y + Sa, +0c,-56,5a,

_ kperEBarSa, tmaz,EcSG, Cp

~ Ysq, Crr (S102)

where all terms are as described previously.

1.8.8 Isobutanol production/toxicity effects

We utilize versions of this model with and without isobutanol production and toxicity effects (i.e. RUTC30/NV3
vs. RUTC30/K12 bicultures). We assume growth-coupled production of isobutanol by E. coli. For sake of simplicity,
our abridged model does not include maintenance substrate uptake or isobutanol production. Isobutanol production
rate is then given by:

dI
dt
where I is isobutanol concentration (g/L), Y7, Sa, is the isobutanol yield coefficient (g-iButOH/g-glucose), and r

is the E. coli glucose uptake rate (g/L/h). For E. coli NV3 pSA55/69, Y /s, = 0.25 g-iButOH/g-glucose. We model
isobutanol toxicity with empirical growth inhibition functions similar to Equatlons S42 & S48:

(1-)"" tr<rg
KL - 7 <Ig, (S104)
0 i1 > 1)

=Y; /Sclrgél (S103)

where Sp is species (E. coli or T. reesei), I is isobutanol concentration (g/L), I3, is the growth inhibiting isobutanol
concentration (g/L) for species Sp, and ng,, is an empirical exponent for species Sp. Overall growth rates are given
by:
dCgyp
dt

where C'g), is concentration of species Sp and pg), is the growth rate (i.e. Monod function, see Equations S91 & S93
in section 1.8). I, and ng,, values for E. coli NV3 pSA55/69 and T. reesei RUTC30 are given in Table S5.

= K&, 1spCsp (S105)

2 Model analysis

2.1 Implementation and numerical solutions of TrEc consortium model

The ODE modeling framework described in section 1.7 was implemented in MATLAB (MathWorks Inc) and solved
numerically using the odel5s solver. Since we write mole balances for each possible saccharide Sg,, the total number
of ODEs depends on the degree of polymerization (DP) distribution of S¢,. For a given Sg, distribution, a total
of 5 + DP,,q, ODEs are required, where DP,,,, is the maximum DP of a given cellulosic substrate. Parameters
listed in Table S1 were used for initial modeling work; at later stages we experimentally measured certain parameters,
and also performed a simple regression analysis to estimate parameters from experimental data (Table S3). Initial
conditions (Cg¢, Crr, Crrs, 1, and S, at tg) were chosen to be representative of typical experimental conditions.
We approximate S, (to) with a log-normal distribution, which agrees qualitatively well with experimental data (e.g.
see [13]):
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Sc,(to) = Cf (logi; DP, 0% p) (S106)

_ T (=) (S107)

where f (logi; DP, 0% p) is the probability density function of the normal distribution, C' = 3 Sg, is total cellulose
i>4

(mM), ¢ is DP @mber of glucose monomers), DP is mean DP, and ¢y, pp 1s the coefficient of variation of DP (with

opp = ¢y, ppDP).

We empirically discovered that certain isobutanol toxicity functions (K éc’ se, and KZ ; equations S48 and S42,
respectively) resulted in excessively long execution times for odel5s and other MATLAB ODE solvers. To make
model analysis tractable, we tested the effect of different isobutanol toxicity functions on execution time. Exponential
models were found to dramatically improve execution time:

I

Kfe 55, =€ For (S108)

and

__I
KL, =e Trrs (S109)

where I . and I7, , are isobutanol inhibition constants (g-iButOH/L) for E. coli and T. reesei, respectively, and other
terms are as described previously. The prior models for K ég Se, and K, %7, offer a better fit to experimental toxicity
data, however the exponential models are still suitable for qualitative model analysis, as they reflect monotonically
declining growth rate with isobutanol concentration.

2.2 Global sensitivity analysis of TrEc consortium model

We performed a global sensitivity analysis on the TrEc consortium model to map parameter space to consortium
performance metrics, identify key parameters controlling consortium behavior, and quantify how parameter uncer-
tainty affects model outputs. We applied the sensitivity analysis strategy proposed in [14], which we describe here
briefly. The TrEc consortium model was numerically integrated with 1000 different sets of parameter values sampled
from appropriate statistical distributions using latin hypercube selection (LHS) [14]. In addition to parameter values,
we also examined the effects of initial conditions (ICs), including microbial biomass concentration and composi-
tion, soluble saccharide concentrations, and polysaccharide concentrations and distributions (e.g. DP and ¢y,pp) and
isobutanol*concentration. We calculated partial rank correlation coefficients (PRCC) [14] between each parameter
or IC and a set of output metrics, including mean 7. reesei growth rate (Rp,; g/L/h), T. reesei titer (Cpy-(t f); g/L),
mean E. coli growth rate (Rg.; g/L/h), E. coli titer (Cg.(t f); g/L), mean cellulose hydrolysis rate (Rce;; g/L/h), E.
coli population fraction at fermentation endpoint (Xg.(t); g/g-total microbial biomass), fraction of substrate car-
bon consumed by E. coli (Pc— gc; g/g-total), isobutanol yield (Y7,s; g/g-cellulose), isobutanol titer (I (t); g/L), and
isobutanol productivity (Q1; g/g-cellulose/h).

LHS is a stratified sampling-without-replacement technique, where random parameter distributions are divided into
N equally probable intervals, which are then sampled [14]. To explore the entire parameter range, each interval for
each parameter is sampled exactly once without replacement [14]. A matrix is generated that consists of N rows
corresponding to the sample size (i.e. total number of parameter sets), and of k& columns corresponding to the total
number of varied parameters [14]. Parameter and IC values were sampled from either a normal distribution or uniform
distribution. For a normal distribution:

ai; = F~" (pigs pg, (coghy)) (S110)
where a; ; is the value of parameter j in LHS sample 4, F~! (p; j; 115, (cy jp15)) is the normal inverse cumulative
distribution function, p; ; is the LHS probability for parameter j in sample ¢, y; is the mean value of parameter j, and
Cy,j 18 the coefficient of variation for parameter j (with o = ¢, ;). For a uniform distribution:

*For certain processing schemes initial isobutanol concentration may be non-zero (i.e. residual isobutanol in repeated-batch fermentations)
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Qi j = Qjmin + Di,j (@, maz — Qj,min) (S111)

where a; iy, is the lower bound on parameter j, a; mq, i the upper bound of parameter j, and other terms are as
described above.

For parameters that can be arbitrarily varied (i.e. ICs) or that have a wide range of equally probable values, we sampled
from a uniform distribution; all other parameters were sampled from a normal distribution. Table S1 contains a list of
all investigated parameters, sampling distribution (normal or uniform) for each parameter, and values of (i / ¢, ; or

Qj5.min / a5 mazx-

The TrEc consortium model was numerically integrated with each set of sampled parameter values and ICs, and
the above output metrics (R, Cry(ty), Rpe, Cpe(ty), Roels Xpe» Po—>pes Y175, I(ty), and Q) were calculated.
LHS sampling and numerical integration were performed with MATLAB. We performed this analysis on a high-
performance computing cluster (4 cores total; 2.67 GHz Intel Xeon X5650 processors; 4 GB RAM/core). Partial Rank
Correlation Coefficients (PRCC) were calculated by rank transforming parameters and outputs, and then calculating
partial correlation coefficients between each parameter and model output [14]. PRCC represents a robust correlation
metric for nonlinear but monotonic relationships between model inputs (parameters) and outputs, as long as minimal
correlation exists between the inputs [14]. Parameter PRCCs are shown with hierarchical clustering (Wards method;
Euclidean distance) in Fig S2; statistically insignificant PRCCs (p < 0.05) are set to 0.

2.3 Local sensitivity analysis of estimated RUTC30/NV3 parameter set

To identify parameters/ICs that could be adjusted to improve performance, we conducted a local sensitivity analysis on
the RUTC30/NV3 parameter/IC set (estimated via regression to experimental data; Table S3). The TrEc consortium
model was numerically integrated with one-at-a-time £25% perturbations to each parameter/IC. Effects of param-
eter perturbations were quantified by response coefficients, defined as AZ%/|AX %|, where AZ% is % change in
output Z and AX% is % change in parameter X. Response coefficients were calculated for the following outputs:
mean T reesei growth rate (Rp,.; g/L/h), T. reesei titer (Cr,.(t f); g/L), mean E. coli growth rate (Rg.; g/L/h), E. coli
titer (Cgc(ty); g/L), mean cellulose hydrolysis rate (Rc.;; g/L/h), E. coli population fraction at fermentation end-
point (X g.(t #); g/g-total microbial biomass), fraction of substrate carbon consumed by E. coli (Pc— g.; g/g-total),
isobutanol yield (Y7 ,s; g/g-cellulose), isobutanol titer (I(ty); g/L), and isobutanol productivity (Q; g/g-cellulose/h).
Response coefficients for Y7,5 and R, are shown for top 10 parameters (ranked by Y7,g) in Fig 2E in the main text.

2.4 Theoretical analysis of isobutanol production with TrEc consortium model

To simulate and analyze isobutanol production by the TrEc consortium, we numerically integrated the TrEc consortium
model over a range X g.(to) values using E. coli parameter values and ICs corresponding to point denoted by white *
in Fig 1C, with F, modified to 0.011; see Table S2 for list of parameters/ICs. The selected parameter/IC set represents
an optimistic (but realistic) collection of values which give high Y;,¢ while still maintaining reasonable R..;. For
each numerical solution, key fermentation metrics were calculated: mean 7. reesei growth rate (Rr,; g/L/h), T. reesei
titer (C(t5); g/L), mean E. coli growth rate (Rg.; g/L/h), E. coli titer (Cg.(ty); g/L), mean cellulose hydrolysis rate
(Rcei; g/Lih), E. coli population fraction at fermentation endpoint (X g.(tr); g/g-total microbial biomass), fraction
of substrate carbon consumed by E. coli (Pc— gc; g/g-total), isobutanol yield (Y7,s; g/g-cellulose), isobutanol titer
(I(ts); g/L), and isobutanol productivity (Q; g/g-cellulose/h). Ree, Y7 /5> and Q1 vs. Xp.(to) are shown in Fig 1D,
while I(t7) vs. Xgc(to) is shown in Fig S3A.

2.5 Regression of model to experimental data

We performed a simple regression of the TrEc consortium model to experimental data obtained from the 7. reesei
RUTC30 monoculture on 20 g/ MCC, T. reesei RUTC30 / E. coli K12 bi-culture on 10 g/LL MCC, and T. reesei
RUTC30 / E. coli NV3 pSAS55/69 bi-culture on 20 g/L. MCC. We attempted to fit experimentally measured insoluble
cellulose concentration (gDW/L), T. reesei RUTC30 biomass concentration (gDW/L), E. coli biomass concentration
(gDWI/L), and isobutanol concentration (for RUTC30/NV3 bi-cultures; g/L) to model predictions. For each variable,
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s
crude fit was evaluated as the residual sum of squares over all time points: RSS = >~ (Yewp(t) — YUmodel (t))Q, where
t=to
Yewp(t) the is experimental value at time ¢ and Y041 (t) is the predicted value. Regression was performed by man-
ually adjusting model parameters to minimize RS.S for each variable, using initial parameter values from literature
(Table S1), in-house monoculture experiments (shown in Table S3), and, for RUTC30/NV3 bi-cultures, estimates

based on mass balances of NV3 fermentation products (Table S8).

For the T. reesei RUTC30 monoculture, reasonable fit between experimental data and modeling predictions was ob-
tained by adjusting a single parameter, Y, /¢, (Table S3). Obtaining reasonable fits for the RUTC30/K12 bi-culture
required adjusting fmaz,7r,5¢, » K1r,55,>and Ys /Cry for T. reesei and Pmaz,Ec,Sa, » KEBe,ds KEe 56, Ysa, /CEec,
and mg., Sa, for E. coli (Table S3). In addition to cellulose and microbial biomass, we also quantified total protein,
exoglucanase, endoglucanase, S-glucosidase, glucose, and cellobiose concentrations in the RUTC30/K12 bi-culture
and attempted to fit our model to experimentally measured values; attaining reasonable fit required adjusting Yz, /...,
ker, keai, kepur, kepm2, ksar,a.» kBar,a,» and kpagr,c, (Table S3).

For the RUTC30/NV3 bi-culture, regression of model to experimental data required adjusting Hmaz,Tr,Sq, » kTrds
KTT,SGl 5 YS(;l /CTT, k’vﬁhh mrr, IT’r‘,*a kET’ and YET/CTT for T. reesei and ,U/max,Ec,Sgl 5 kEC,ds KEC,Sc;l 5 YSGl /CEcs

th ; . . .
MEe,Sa, » Ylg/rggl , and Y];ngit for E. coli (Table S3). Initial estimates for Ys. /Crr, mr,, Ysg /Cre, MEe,sa, »

iqf’/rgslth, and Y};“gé’zt were calculated via mass balance of primary E. coli NV3 pSA55/69 fermentation products

(described below in Materials and methods; values given in Table S8).
2.6 Steady state analysis of simplified TrEc model
2.6.1 Criteria for steady state population composition

The system of ODEs for the simplified TrEc consortium model does not have a non-trivial steady-state. However, we
can consider the case of a pseudo-steady state in which microbial population composition is fixed:

d CEc _
dt(CTJ =0 (S112)

Simplifying and rearranging:

1 dCp. 1 dCr,
Cpe dt O, di

=0 (S113)

Hmaac,EcSGl _ Hmax,Tr (SG1 + 0G2—>G1SG2)

= (S114)
Ks ge + Sa, Ksrr + S, +0c,-¢,5,
This pseudo-steady state can be satisfied if S¢, and S¢, are constant:
dSG cel BGL
R L el s115)
kcerEecerS k EpcrS
_ tBeet>c  MBGLEBGLOG, _ (S116)
Kpyrecet +Sc Kmpar + Sa,
and
dSa . -
- 1 =T§£L . Tgcl _ Tgcl -0 (S117)
_kparLEBcLSG, Pmaz,BEcSGy o
=< —Ys¢,/0p.m— <o CEc
Ku,par + Sa, Ks pe+ Sa,
Mmazx,Tr (SG1 + 9G2*>G18G2)
-Y ’ Crr =0 S118
§61/Crr Ks1r+ Scy + 0,505 ( )
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The above expressions cannot be satisfied since Cg. , Cry, Ecet, Epar, and S¢ are all potentially changing with
time. We can make a simplifying assumption that for all times Sc > K c.i, making it possible for the system to
reach a pseudo-steady state. Physically, this could be interpreted as having an unlimited cellulose supply, or alternately
that the TrEc consortium is serial passaged before cellulose becomes limiting. Assuming Sc > Kz cel, sSubstituting
Eca = Yg.../00.COrrs EBcrL = YEgua,/00.Crrs Ce = X (Cpe + C1y), and Cp, = (1 = X) (Cpe + Cry)
(where X is E. coli population fraction; g-E. coli/g-total), we can further simplify:

dSGz kBGLYEBGL/CT (1 - X) SGz
= kealY] (1-X)— - =0 S119
dt l Ecel/CTq ( ) KALBGL + SG2 ( )
and
dSG1 :kBGLYEBGL/CT'r (1 - X) SGQ _y ,Umaz,EcSGl
dt Kur,par + Sa, §61/Cre Ks ge+ Sa,
Hmax,Tr (SG1 + 9G2—>G1 SGQ) (1 _ X) -0 (S120)

—-Y.
e /Cre Ksrr + Sc, +0c,-6,5,

Note that % (gi* ) = 0 implies that X is constant. The three criteria for steady-state population composition are then:

Criterion 1: Constant population fraction

,Udmaac,EcSGl _ Hmax,Tr (SG1 + GSGQ)

Kspe+Sa, Ksrr+ Sc, +0Sc, (5121)
Criterion 2: Constant cellobiose concentration
Kot Vot /Cr, = kaif iZiLfETGfGQ =0 (3122)
Criterion 3: Constant glucose concentration
kpcrYepe,/cr (1 — X) Sa, Hmaz,EcSG,
Kuy,per + Sa, 56 /Cee Ks pe+ Sa,
Vo, o, e (Sa, +0c,-6,56s) (1-X)=0 (S123)

Crr
/Cr Ksr1r+Sa, +0c,-¢,5a,

The steady-state criteria constitute a system of three equations with three unknown variables (X, Sg,, Sg,) that can
be solved with analytical or numerical methods.

2.6.2 Non-dimensionalization and analytical solution

To facilitate analysis, we can simplify the above steady-state criteria by non-dimensionalizing the variables. We start
with criterion 2, the simplest of the above expressions. Applying K g 7, as the characteristic cellobiose concentration
scale:

kBGLYEBGL/CTr Sék
Kiar +55

where S5 = Sg,/Kgs 1, and K}, = Ky per/Ks . This expression can be readily solved for S5:

=0 (S124)

kcel YEcel /CTr -

K*
Sy = —PET S125
2 a—1 ( )
k
a=Yparce ]f GlL (S126)
Year/cet = Yepor /Conl YEeu /Cr (S127)
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As would be intuitively expected, the steady-state cellobiose concentration is thus purely a function of cellulase and
[B-glucosidase kinetics and the relative proportion of these two enzymes. The dimensionless term « describes the
relative ratio of 3-glucosidase activity to cellulase activity.

Applying K5 7, as the characteristic glucose and cellobiose concentration scale and piyqz,7r as the characteristic
time scale to criterion 1 yields:

S Si 46 Sy
e = o = iy = (5128)
KSJFSl 1+Sl +9G2—>(3152

where ST = Sa, /Ks1r K§ = Ks ge/Ksrr, 8 = lmaz, Be/ maz,Tr» and other terms are as described previously.
Solving for S7 yields:

bt Vb? -4
ST = A L (5129)
2a
where a = p* — 1, b = p* (14 06,-6,55) — 0g,—»c. 55 — K%, ¢ = —0g,-¢,55 K§, and other terms are as

described previously. The physically meaningful root(s) of the above equation satisfy 0 < ST < oco. With expressions
for S and S5, we can solve criterion 3 for X. We first apply the above dimensional scalings to criterion 3 and divide
by Ys. jcr, toyield:

p ST
1-X)-Yrpe——7—7X
( ) Tr/E Ki+S;
i ST +06,-6,.53
14+ 57 +0¢c,-¢,5;

kBGLYEBGL/SGl S5
Hmazx,Tr (Kggl, + S;)

(1-X)=0 (S130)

where Yg,., /55, = YEBGL/CTT/YSGI/CT'r and Y7,/ p. = YSGI/CEu/YSGl/CT'r" Solving for X and simplifying
yields:

X - P = Prhar (S131)
Wy = Yrr/BelEe = PrpaL

where:

* ) *
iy = A 0626155 (S132)
1+ Sl + 9G2—>G152
. ST
= — S133
S5
=22 134
"BGL K +53 ( )
k Y,
5 BGLYBGL/SG, (S135)
Kmax,Tr

The 7, term represents dimensionless 7. reesei growth rate, u7. is dimensionless E. coli growth rate, and
Brie, is a dimensionless ratio of cellobiose hydrolysis rate to glucose uptake rate by 7. reesei. X > 0 requires

that ,u* > YTT/EC:LL* + ﬂT*BGL'
A summary of dimensionless parameters derived in this section can be found in Table S4.

Steady state carbon flow partition can be calculated as:

YTT/EC/’L*E(:X
YTT/ECM*ECX + ,u:}7 (1 - X)

where Pc_, g is the ratio of glucose uptake by E. coli to total microbial glucose uptake.

Pespe = (S136)
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2.7 Numerical analysis of simplified TrEc model

For dynamic analysis, the ODEs for the simplified TrEc consortium model (Equations S91-S105; section 1.8) were
implemented in MATLAB and solved numerically with odel5s, using parameter values as indicated (described in
Table S4&SS5, and figure captions).

Adding isobutanol production (Equation S103) and toxicity (Equation S104) to our modeling framework makes
it impossible for batch cultures to reach non-trivial pseudo-steady states, due to accumulation of isobutanol in the
system. Thus we can cannot apply the steady state analysis described above. Instead, we conducted a numerical
analysis of the ODE model wherein we simulated iterative serial cultures. This scheme is analogous to repeated batch
fermentation, where a fraction of the previous batch is used as inoculum for new batches (Fig S8C, inset). For our
theoretical analysis, this was simulated by numerically integrating the ODE system to a fixed endpoint, dividing end-
point variable values by a dilution factor (typically 50 fold), and using these values as initial conditions (ICs) for the
next iteration (Fig S8C, inset).

3 Materials and methods

3.1 Media

E. coli strains were propagated in NG50 media [15], supplemented with antibiotics for E. coli NV3 pSA55/69 (100
pg/mL ampicillin and 30 pg/mL kanamycin). T. reesei monocultures and 7. reesei / E. coli bi-cultures were grown
in Trichoderma minimal media (TMM) formulated as follows (all concentrations in g/L unless otherwise noted):
urea, 1; (NH4)2SOy, 4; KHoPOy, 6.59; KoHPOy, 1.15; FeSO4*7H,0, 0.005; MnSO4*H-0, 0.0016; ZnSO4*7H50,
0.0014; CoCl2*6H20, 0.002; MgSOy, 0.6; CaCls, 0.6; Tween-80, 0.0186% (v/v); carbon source (glucose, cellobiose,
microcrystalline cellulose, or AFEX pre-treated corn stover) as indicated. Antibiotics were added to E. coli NV3
PSAS55/69 co-cultures as per above, with 0.1 mM IPTG added for induction. For flask culture experiments, TMM was
buffered with 0.1M maleate-NaOH at indicated pH [16]; KoHPO4 was eliminated and KH2PO,4 reduced to 1.2 g/L.
LB agar [17] was used for E. coli cell counting.

3.2 Preparation of inoculum cultures

E. coli was inoculated from cryostock into NG50 medium (with appropriate antibiotics) and incubated at 30°C with
agitation until saturated. Cultures were then inoculated 1:100 (by volume) into TMM with 20 g/L glucose and incu-
bated for a further 48 hours at 30°C with agitation. To remove residual glucose, cultures were washed by centrifuging
at 18,500 g x 2 minutes, resuspending in TMM without carbon source, and then repeating centrifugation/resuspension.
T. reesei RUTC30 cryopreserved conidia were inoculated into TMM with 20 g/L glucose and incubated at 30°C with
agitation for 48 hours. Cultures were then inoculated 1:50 (by volume) into TMM with indicated carbon source (mi-
crocrystalline cellulose or AFEX pre-treated corn stover) and incubated for a further 48 hours at 30°C with agitation.

3.3 Experimental measurement of /i,

Imaz (Maximum specific growth rate; 1/h) was measured for E. coli K12, E. coli NV3 pSAS55/69, and T. reesei
RUTC30, under conditions representative of co-culture experiments (glucose TMM media; growth temperature 30°C).
Imae Was determined by fitting growth data to an exponential model (In C' = In Cy + piq.t; C is cell density at time
t and C) is initial density). E. coli cell density was determined by measuring optical density at 600 nm (ODggg);
T. reesei cell density was determined via gravimetric analysis (described in section 3.6.1; gDW/L). Growth data was
obtained by inoculating cultures in 20 g/L. glucose TMM and measuring cell density over time intervals corresponding
to the exponential growth phase. E. coli growth studies were conducted in microplates. Standard 96-well microplates
were filled with 200 L medium per well and seeded with 2 pL. of prepared inoculum culture (described in preceding
section) per well. ODgpg was measured every 10 minutes for 48 to 96 hours using a Spectramax M5 or Versamax plate
reader (Molecular Devices, LL.C), with 30 °C incubation temperature and agitation between reads. For T. reesei, we
conducted growth studies using 1 L flask cultures. Flasks were filled with 200 mL medium, seeded with 2 mL prepared
inoculum culture, and then incubated at 30 °C with agitation. Triplicate 10 mL samples were taken for gravimetric
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dry mass analysis 12, 28, 21, 24, and 27 hours after inoculation. Experimentally measured fi,,,4, values are reported
in Table S3.

3.4 Characterization of isobutanol toxicity

To characterize isobutanol toxicity in E. coli and T. reesei, ji,q, Was measured in media spiked with isobutanol at
various concentrations, using procedure described in preceding section. To prevent evaporation of isobutanol from
cultures, microplates (E. coli) were sealed with an impermeable and optically clear adhesive film; flasks (7. reesei)
were sealed with screw caps and tightly wrapped with parafilm (sterilized with 70% v/v ethanol). (i, values for E.
coli and T. reesei at various isobutanol concentrations are reported in Table S3.

3.5 Experimental measurement of K, Ys,c, and m
3.5.1 Overview

Modeling and experimental results demonstrate that both growth rates and soluble saccharide (i.e. glucose and cel-
lulose oligosaccharide) concentrations are low in 7. reesei / E. coli bi-cultures on cellulosic substrates, in contrast to
saturated growth rates and high glucose concentrations in batch monoculture experiments. Since Kg, (Monod glu-
cose affinity; g/L) is considered an extant kinetic parameter [18], it should be measured under conditions similar to the
co-culture environment. We thus chose to measure K, , Ys, /¢ (glucose/biomass yield coefficient; g-glucose/g-
biomass), and mg,, (maintenance coefficient; g-glucose/g-biomass/h) with chemostat experiments; growth rate and
substrate concentrations can be precisely controlled via dilution rate, allowing us to simulate bi-culture conditions.
Chemostat cultures can reach a steady state in which cell densities and substrate concentrations are constant [1]:

ac
<=0 (S137)
dSq,
=0 (S138)
p=D (S139)

where C' is cell density, p is specific growth rate (1/h) and D is dilution rate (media flow rate / culture volume), and
other terms are similar to those described above. For single substrate (i.e. glucose) growth, we model y as

msg SGl msq
= .maz, Sg, + ! - L (5140)
H ((u G ) Ksq, +Sa, YSGI/C>

where all terms are similar to those described in section 1.7. We can then apply the above steady-state criteria to derive
relations for expressions for K Say YSG1 /C» and Mmsq, in chemostat cultures:

(/u'maac,Scl - D) SG1

Ksg, = 5 (S141)
and
. Sc,o0—S
Yorr o = 7@’00 G (S142)
=Yss, /0 + ;Gl (S143)

where Y C’; f e is the apparent yield coefficient (g-glucose/g-cells), Sg, o is glucose concentration in the chemostat
feed (g/L) and other terms are as described previously.
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3.5.2 Chemostat experiments

Chemostat studies were conducted in a BioFlo 3000 bioreactor (New Brunswick Scientific), using 1.5 L, 2 L, or 2.5
L culture volumes. Glucose TMM media was used in all studies, with 4 g/L glucose for T. reesei cultures and 0.3
g/L glucose for E. coli cultures; concentrations were chosen to guarantee that glucose would be the sole limiting
nutrient (estimated from data collected during fi,,,4, characterization experiments). Bioreactor was maintained at
pH 6, temperature 30°C, agitation 200 rpm (dual six blade Rushton impellers; 75 mm diameter), and air flow at 2
vvm (volume air per volume culture per minute) for all studies. Chemostat studies for E. coli were performed at
dilution rates of D = 0.04, 0.063, 0.069, 0.116, 0.174, 0.25, and 0.35 1/h; for T reesei, experiments were performed
at D = 0.019 and 0.04 1/h. Chemostat studies were initiated by adding prepared inoculum to bioreactor at 1:100
(E. coli) or 1:50 (T. reesei) volume ratio, and pre-culturing in batch mode for 48 hours. After 48 hours, chemostat
mode was started by setting the media feed pump to produce desired dilution rate D; a level probe was used to
control the harvest pump rate and thus maintain constant culture volume. Sigma antifoam 204 was added as needed,
with 0.02% (v/v) added per supplementation. Samples were taken in triplicate one to two times per turnover period
(D' h). E. coli cultures were analyzed for ODgqg, viable cell concentration (cells/L), total dry biomass (gravimetric
analysis; gDW/L), and glucose (g/L), as per procedures described below; T. reesei cultures were analyzed for total
dry biomass (gravimetric analysis; gDW/L) and glucose (g/L). Glucose analysis samples were prepared by dispensing
culture directly from the bioreactor into syringes filled with steel beads chilled at -20°C and then filtering through 0.22
pm membranes to sterilize; this procedure quenches microbial metabolism, ensuring accurate measurement of low
residual glucose concentrations [19]. Steady state was assumed when biomass and glucose concentrations stabilized
to constant values (within error limits) for two to three consecutive samples. After taking steady-state samples, feed
pump was adjusted to next desired dilution rate and sampling was continued. To avoid adaptive evolution, chemostat
experiments were run for < 15 turnovers. K Sg, Was calculated from D, glucose concentration (S¢, ), and fimaz-
To determine Y, ,c and mg,,, , we collected data at various values of D and performed a linear regression of 1 /D
against Y;é’f/c, taking Y5, ;o as the y-intercept and ms, as the slope. Values of K, , Ys. jo, and msg,
determined from chemostat studies are reported in Table S3.

3.6 Analytical methods
3.6.1 Gravimetric analysis

Flask culture samples 8 to 10 mL culture samples were washed by centrifuging at 18,500 g x 15 minutes, resus-
pending in 45 mL dH2O, and repeating centrifugation. Cell pellets were transferred to pre-weighed aluminum boats
and dried for 24 hours at 70°C; total dry mass was taken as the difference between boat with cell pellet and empty
boat weight.

Bioreactor samples Culture samples (40 mL for batch and E. coli chemostat cultures; 20 mL for 7. reesei chemostat
cultures) were centrifuged at 18,500 g x 15 minutes and resuspended in 45 mL 20% (w/v) citric acid. Samples were
then vortexed for 1 minute and incubated at room temperature for 10 minutes to dissolve phosphate and carbonate
precipitates [20]. Samples were washed by centrifuging at 18,500 g x 15 minutes, resuspending in 45 mL dH2O, and
repeating centrifugation. Cell pellets were lyophilized at 0.02 millibar / -45°C in pre-weighed tubes; total dry mass
was taken as the difference between tube with cell pellet and empty tube weight.

3.6.2 Total secreted protein assay

Total protein concentration in culture supernatant was measured using the Bradford assay as described in [21], with
bovine serum albumin (BSA) as a calibration standard. Undiluted, 1:10, 1:102, and 1:10° diluted samples (in 0.15 M
NaCl) were analyzed; BSA calibration standards ranged from O to 10 pg/mL in assay mix.

3.6.3 [-glucosidase assay

(B-glucosidase activity was assayed using p-nitrophenyl-3-D-glucopyranoside (pNPG) as a substrate, using a previ-
ously described procedure [22] with modifications. Undiluted, 1:10, and 1:10? diluted culture samples in 50 mM
citrate buffer (pH 4.8) were pre-incubated at 50°C for 5 minutes. Reactions were initiated by adding pNPG to 2.5
mM and incubating for 10 minutes at 50°C . Reactions were quenched and color developed by adding NaOH-glycine
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buffer (pH 10.8) to 0.2 M. Concentration of released p-nitrophenol was determined by measuring absorbance at 405
nm; p-nitrophenol calibration standards ranged from 0 to 0.25 mM in assay mix. One international unit (IU) of enzyme
activity was defined as the amount of enzyme required to produce 1 gmol of p-nitrophenol per minute.

3.6.4 Endoglucanase assay

Endoglucanase activity was assayed using carboxymethylcellulose (CMC) as a substrate, using a previously described
procedure [23] with modifications. Undiluted, 1:10, 1:102, and 1:103 diluted culture samples in 50 mM citrate buffer
(pH 4.8) were pre-incubated at 50°C for 5 minutes. Reactions were initiated by adding CMC to 1% (w/v) and incu-
bating for 30 minutes at 50°C. Reactions were quenched and analyzed for reducing sugars by adding one equivalent
volume of 3,5-dinitrosalicylic acid (DNS) reagent mix [23] and incubating at 95°C for 5 minutes. Concentration of
3-amino,5-nitrosalicylic acid (produced stoichiometrically from reducing sugars) was determined by measuring ab-
sorbance at 540 nm; glucose was used as a calibration standard with 0 to 1.67 mM in assay mix. One international
unit (IU) of enzyme activity was defined as the amount of enzyme required to produce 1 pmol glucose-equivalent per
minute.

3.6.5 Exoglucanase assay

Exoglucanase activity was assayed using microcrystalline cellulose as a substrate [24], with the procedure otherwise
identical to the endoglucanase assay.

3.6.6 Carbohydrate analysis

Carbohydrate analysis of co-culture samples was performed by the Great Lakes Bioenergy Research Center (GLBRC);
procedures are described in detail in [25]. Briefly, co-culture samples were washed and lyophilized as described in
preceding sections for gravimetric analysis. Lyophilized co-culture material was finely ground and treated with tri-
fluoroacetic acid (TFA) to hydrolyze the hemicellulose / matrix polysaccharide fraction [25]. The resulting soluble
saccharides were derivatized to alditol acetates and analyzed via GC/MS [25]. The insoluble fraction remaining after
TFA hydrolysis (consisting of crystalline cellulose, lignin, and other recalcitrant components) was analyzed for crys-
talline cellulose using the Updegraff procedure [25]. Our analysis methods cannot distinguish between carbohydrates
originating in lignocellulose and those from microbial biomass (i.e. 7. reesei and E. coli ). To account for micro-
bial carbohydrate contributions, we analyzed carbohydrate composition of pure microbial biomass samples (7. reesei
RUTC30 grown on 20 g/l MCC TMM media; E. coli K12 grown on 20 g/L glucose TMM media). Composition
data for detectable carbohydrates in microbial biomass and AFEX pre-treated corn stover (AFEX CS) are shown in
Table S7. After determining microbial biomass concentrations (described below), we subtracted the microbial contri-
bution to each measured carbohydrate:

Si,actual = Si,meas - xi,EccEc - Ii,TrCTr (8144)

where \S; meqs is the measured concentration of carbohydrate ¢ (arabinose, xylose, mannose, galactose, hemicellulose
dervied glucan, and crystalline cellulose; g/L), x; g, is the fraction of ¢ in E. coli biomass (g-i/g-Ec), x; 7, is the
fraction of i in T. reesei biomass (g-i/g-Tr), S; qctuar iS the corrected carbohydrate concentration (g/L), and other
terms are as described previously. Uncultivated media samples (MCC or AFEX CS TMM media) were analyzed to
determine initial concentration of major carbohydrates, S;|¢, (g/L); Si actuar and S;|¢, were used in calculation of
conversions, yields, etc.

3.6.7 Estimation of T. reesei biomass

Mannose was selected as a biomarker for 7. reesei biomass; mannose makes up a substantial fraction of total 7. reesei
biomass while being a relatively minor component of E. coli and AFEX CS (Table S7). To develop a correlation
between T. reesei biomass and mannose, 7. reesei RUTC30 was cultured on 20 g/L MCC TMM media and samples
were taken periodically for carbohydrate analysis. 7. reesei fraction of total dry mass (Xr,; g/g-total) was found to
be linear with mannose fraction of total mass (X,,qnn; g/g-total), with X7, = 15.02X,,4nn + 0.1173 (R? = 0.88;
Oest = 0.07); results shown in Fig S9. T. reesei biomass concentration (g/L) is calculated as C'p,. = X1,.-Cpot, Where
terms are as described above.
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3.6.8 Estimation of E. coli biomass and plasmid maintenance

E. coli biomass was estimated by cell counting (direct measurement of viable cell concentration) or via subtractive
mass balance (indirect measurement of total cell concentration). For cell counting, 10 fold serial dilutions of culture
samples were prepared and 100 pL aliquots plated onto LB agar; to determine pSA55/69 cell counts, LB agar was
supplemented with 100 pug/mL ampicillin and 30 pg/mL kanamycin. Plates were incubated at 37°C overnight and
counted, using two to four plating replicates. An estimated cell mass of 1.5 + 0.3210713 g/cell for E. coli K12 and
8.9 4 0.32107 '3 g/cell for E. coli NV3 pSA55/69 (determined from chemostat and co-culture experimental data) was
used to convert cells/L to gDW/L. For E. coli NV3 pSAS55/69 cultures, the fraction of cells retaining pSA55/69 was
taken as fraction of ampR / kan® cells out of total cells. To estimate E. coli biomass via mass balance, we write a total
mass balance on insoluble co-culture components and solve for E. coli biomass concentration:

CEC _ C’Tm‘, - Z Si,meas - (]- - in,Tr) CTr - Cres (8145)

1- Z Ti,Ec

where Cr,; is the total dry mass concentration (gDW/L), C,..; is the residual insoluble fraction (i.e. undegraded lignin,
etc; g/L), and the other terms are as defined previously.

3.6.9 Quantification of soluble saccharides and fermentation products

Isobutanol and soluble saccharide concentrations (> 50 mg/L) were quantified using high performance liquid chro-
matography (HPLC). Culture samples were incubated at 99°C for 10 minutes to thermally denature enzymes, and then
filtered through a 0.22 ;m membrane. Samples were then analyzed on an Agilent 1100 HPLC equipped with a Rezex
ROA ion-exchange column, using 5 pL injection volume, 60°C column temperature, 0.005N H2SO4 mobile phase at
0.5 mL/min, and a refractive index detector (RID) for analyte quantification. Soluble saccharide concentrations in the
range from 5 to 50 mg/L were quantified using hexokinase-based assays. Glucose was quantified with a D-Glucose
HK kit (Megazyme Internatonal, cat #K-GLUHK) following manufacturer’s protocol, but with reagent and sample
volumes scaled down by a factor of 10. Oligosaccharide concentrations were measured via enzymatic hydrolysis to
glucose and subsequent glucose quantification. Oligosaccharides were hydrolyzed by combining samples with an
equivalent volume of 2 IU/mL A. niger S-glucosidase (Megazyme International) in 0.1 M acetate buffer (pH 4) and
incubating at 49°C for 20 minutes. Samples were neutralized with 1 M NaOH and then assayed for glucose as de-
scribed above. For chemostat studies, where glucose concentrations ranged < 5 mg/L, glucose was quantified using
a fluorometric glucose assay kit (BioVision, cat #K606) following manufacturers protocol; depleted chemostat media
was used as a blank and for preparation of calibration standards.

3.6.10 Identification of unknown fermentation products

HPLC analysis of T. reesei RUTC30 / E. coli NV3 pSA55/69 bi-cultures revealed numerous fermentation products.
The four most abundant products have retention times (RT) of 15.4, 19.1, 26.3, and 39 minutes, collectively represent-
ing > 75% of the total peak area. We identified and quantified these products by running calibration standards for can-
didate compounds; candidates were selected on basis of expected fermentation products and a manufacturer-supplied
RT index for the Aminex HPX-87H column (equivalent to Rezex ROA column; US/EG Bulletin 1847, Bio-rad) . The
RT 15.4, 19.1, 26.3, and 39 min peaks were subsequently identified as succinate, acetate, ethanol, and isobutanol,
respectively.

3.6.11 Estimate of substrate partition via mass balance on E. coli NV3 pSA55/69 fermentation products

We estimated substrate partition between 7. reesei RUTC30 and E. coli NV3 pSAS55/69 in bi-culture by performing a
mass balance on primary NV3 pSAS55/69 fermentation products (isobutanol, ethanol, acetate, and succinate). To the
best of our knowledge, these fermentation products are unique to NV3 pSA55/69 and were not observed in T reesei
monocultures’. For each fermentation product j, the glucose G' consumed to form product j was calculated based on
the theoretical yield coefficient Y} /¢ (g-product j / g-glucose): C ; = C;/Y; . where Cg ; and C; are glucose and
product concentrations, respectively. Total substrate consumed to form fermentation products was then calculated as
>~ Cg ;. Since this estimate does not include CO; or minor, unidentified fermentation products, it represents a

TEven under anoxic conditions, T. reesei does not produce anaerobic metabolites (i.e. ethanol, acetate, glycerol, etc.) [26]
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lower bound on substrate consumption by NV3 pSA55/69. Total substrate consumption by 7. reesei was calculated
by subtracting estimated substrate consumed by NV3 pSA55/69 from total substrate consumed. Glucose-biomass
yield coefficients, maintenance coefficients, and isobutanol yield coefficients were then calculated based on estimated
substrate consumption, and are given in Table S8.

4 Supporting figures and tables
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Fig. S1. Mass transfer model for oligosaccharide hydrolysis by cell-wall bound -glucosidase of T. reesei. (A)
Hydrolysis and diffusion of oligosaccharides at 7. reesei cell surface (B) Approximation of mycelium as cylindrical
surface.
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Fig. S8. Additional modeling and experimental results for cooperator-cheater dynamics in the TrEc consor-
tium. (A) Steady state population composition (X g.; E. coli population fraction) calculated as a function of p* and
0c,—a,, witha = 8.7, Kpqp = 23.25, Yy, p. = 1.5, and 3 = 10. (B) Numerical ODE solutions corresponding to
w* and 6g, ¢, values at each labeled point in panel A. For each p*, ¢, ¢, point, ODEs were solved with various
initial X g. values. For explanation of parameters see section 1.8 and Table S4. (C) Numerical ODE solutions over
a range of Xp.(to) values for parameter set corresponding to RUTC30/NV3 bi-cultures, with Y7, Sg, = 0 (@.e.no
isobutanol production/toxicity). Inset depicts serial culturing scheme used in numerical simulations, with “+” indicat-
ing passaging points. Parameter values were estimated using E. coli monoculture data presented in [8] and [27], and
are as follows: p* = 1.61, 0g,q, = 1.7, K& = 0.05, o = 8.7, K5, = 23.25, Yr,/Bc = 3.15, and £ = 40. (D)
Numerical ODE solutions over a range of Xg.(to) values, with Y7, Sg, = 0.25 g-isobutanol/g-glucose, isobutanol
toxicity parameters as given in Table S5, and all remaining parameters the same as panel C. (E) amp*/kan® fraction
(i.e. pPSA55/69 fraction) of E. coli NV3 populations in RUTC30/NV3 serial bi-cultures (corresponding to Fig 4D). (F)
Isobutanol concentrations in RUTC30/NV3 serial bi-cultures (corresponding to Fig 4D).
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Fig. S9. Correlation between 7. reesei RUTC30 biomass and mannose. 7. reesei RUTC30 was cultured on 20 g/L
MCC TMM media and samples were taken periodically for carbohydrate analysis. T. reesei mass fraction (i.e. non-
cellulose fraction; g/g-total) shown as a function of mannose mass fraction (g/g-total); R? = 0.88 and 0., = 0.07
for linear regression. Error bars are +SD for NV = 3 technical replicates; results from two independent experiments
(sampled at different time points) shown.
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Table S1. List of all parameters used in global sensitivity analysis (Fig 1B). Sampling distribution (normal or
uniform), values of u;, ¢, ; (normal distribution) or @; min, @;,mae (uniform distribution), description/units, and key
notes/references listed for each parameter.

IC or parameter

Mil8j min

Cv,j/0j, maqx_Distribution

Description

Notes / source

log(Fa)
DP

Cy,DP

> Sa, (to)
2= Cilto)
Xoro(to)
X p(to)
log(Xpe)(to)
I(to)
LCBH1
TCBH?2
TEG1
TBGL
Ndeact

fdeact

kec1

EG1
Kdis

BEG1

kcBH1

CBH1
Kd'is

,BCBHl

kcBH2

CBH2
Kdis

BcBH2
kBGL,G,

BGL
Kyra,

BGL
KG1
kBcrL,Gs
BGL
Karay
kBGL,G,
BGL
Kyra),

i
Kg,

i
KG1

kTr.d
KTT,S'Gl
KTT,SGZ

0G,—Gy
0Gs—Gy
0G,—G,q
Ysq, /0,
Ysq, /O,

Yer/op,

-3
1.6

0.1
0.72
0.5

|
w

0.6
0.2
0.12
0.03

0.8

24
0.33
0.166
4.8
0.25
0.019
9.6
0.25
0.022
339
1.36
11.33
758
0.2
1810
0.38
17.2

66.6

0.005
0.02
0.0001
1.7

2.2

2.5

0.5

—1 Uniform
2.25 Uniform
0.1 Uniform
40 Uniform
1 Uniform
0.2 Normal
0.2 Normal
0 Uniform
5 Uniform
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.99 Uniform
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.5 Normal
0.5 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal

Fractional accessible bonds

Cellulose mean degree of polymerization (DP; log
scale)

¢y of cellulose DP distribution

Initial cellulose concentration (g/L)

Total initial microbial biomass (g/L)

Initial fraction vegetative mycelium

Initial protein concentration (fraction of total biomass)
Initial Ec population (fraction of total biomass)
Initial isobutanol concentration (g/L)

Fraction of CBH1 in total protein

Fraction of CBH2 in total protein

Fraction of EG1 in total protein

Fraction of BGL in total protein

Declining substrate reactivity exponent

1— faeact = residual cellulase activity at 100% con-
version

EGI rate constant (mmol/g-EG1/h)

EG1 dissociation constant (mM)
2apg1/MWgeai (g-EGl/mmol substrate sites)
CBHI1 rate constant (mmol/g-CBH1/h)

CBHI1 dissociation constant (mM)

1/MWep a1 (g-CBH1/mmol)

CBH2 rate constant (mmol/g-CBH2/h)

CBH2 dissociation constant (mM)

1/MWe B m2 (g-CBH2/mmol)

BGL rate constant for cellobiose (mmol/g-BGL/h)
BGL affinity for cellobiose (mM)

BGL competitive glucose inhibition constant (mM)
BGL rate constant for cellotriose (mmol/g-BGL/h)
BGL affinity for cellotriose (mM)

BGL rate constant for cellotetraose (mmol/g-BGL/h)
BGL affinity for cellotetraose (mM)

Cellulase (EG1, CBH1, CBH2) non-competitive cel-
lobiose inhibition constant (mM)

Cellulase (EG1, CBH1, CBH2) non-competitive glu-
cose inhibition constant (mM)

Death rate of senescent mycelium (1/h)
Tr glucose affinity (g/L)
Tr cellobiose affinity (g/L)

Glucose contribution at mycelium surface due to cel-
lobiose hydrolysis (mM/mM)

Glucose contribution at mycelium surface due to cel-
lotriose hydrolysis (mM/mM)

Glucose contribution at mycelium surface due to cel-
lotetraose hydrolysis (mM/mM)

Glucose/biomass yield coefficient for Tr (g-glucose/g-
biomass

Cellobiose/biomass yield coefficient for Tr (g-
cellobiose/g-biomass)

Enzyme/biomass yield coefficient for Tr (g-protein/g-
biomass)
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Range from PASC to MCC [9]

Median value corresponds to
MCC [9]

Est. from [13]

Biologically reasonable range
91

[91

[91

Est. from [28] and [3]

Est. from [11]

Est. from [11]

Est. from [9]

[91

Est. from [29] and [7]
Est. from [9]

91

Est. from [29] and [7]
Est. from [9]

[91

Est. from [29] and [7]
[10]

[10]

[10]

[10]

[10]
Est. from [12]

Est. from [12]

Est. from [5]

Est. from [30]

Est. from [31]

Calculated from [32] and [33]

Calculated from [32] and [33]

Calculated from [32] and [33]

Est. from [30]

Est. ~glucose

Est. from [7] and [34]



Table S1. List of all parameters used in global sensitivity analysis (Fig 1B). Sampling distribution (normal or
uniform), values of u;, ¢, ; (normal distribution) or @; min, @;,mae (uniform distribution), description/units, and key
notes/references listed for each parameter.

IC or parameter

Mil8j min

Cv,j/0j, maqx_Distribution

Description

Notes / source

Hwnaz,Tr,SGl

Hmaz,Tr, SG2
kv s

mry

Irr

kET

kgc,a
KE(;,SGI

YSG1 /CEc
7774E.':,SG1

#maz,Ec,SGl

owth
ygrowt
I/Sq,

Ymaint
I/SG1

Igc,«

0.087
0.025

0.01

0.027

2.5

0.008

0.001
0.001
6.4

0.23

0.2 Normal
0.5 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.2 Normal
0.5 Normal
0.5 Normal
0.5 Normal
0.2 Normal
0.41 Uniform
0.41 Uniform
0.2 Normal

Maximum specific growth rate of Tr on glucose (1/h)
Maximum specific growth rate of Tr on cellobiose
(1/h)

Specific rate of conversion of vegetative mycelium to
aged mycelium (1/h)

Maintenance coefficient for Tr

biomass/h)

(g-substrate/g-

Isobutanol inhibition exponent (exponential inhibition
model; Eq S109) for Tr (g-iButOH/L)

Specific enzyme production rate of senescent
mycelium (g-protein/g-biomass/h)

Ec death rate (1/h)
Ec glucose affinity (g/L)

Glucose/biomass yield coefficient for Ec (g-glucose/g-
biomass

Maintenance coefficient for Ec

biomass/h)

(g-glucose/g-

Maximum specific growth rate of Ec on glucose (1/h)

Growth associated isobutanol/glucose yield coeffi-
cient for Ec (g-iButOH/g-glucose)

Maintenance associated isobutanol/glucose yield co-
efficient for Ec (g-iButOH/g-glucose)

Isobutanol inhibition exponent (exponential inhibition
model; Eq S108) for Ec (g-iButOH/L)

Est. from [5], [35], and [30]
Est. from [31]

Est. from [5]

Est. from [30]

Est. &~ 1/2Ec

Est. as & 1/5 rate of vegeta-
tive mycelium

Est. from [36]

Est. from [36]
Est. from [36, 8, 27]

Est. from [36, 8, 27]

Est. from experimental data in
this study

Est. from [36, 8, 27]

Est. from [36, 8, 27]

Est. from experimental data in
this study
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Table S2. Parameter/IC set used for Fig 1D

IC or parameter Value Notes/Units

log(Fa) 0.011 Fractional accessible bonds
DP 1.837575 log DP

Cy,DP 0.07715 ¢, for log DP distribution
> Se, (to) 38.275 g/L

3 Ci(to) 0.39295 g/L

X1rw(to) 0.534218988 o/g-Tr

Xp(to) 0.38759693 glg-Tr

log(XEc)(to) — Varied

I(to) 0 g/L

TCBH1 0.550340628 g/g-protein

TCBH2 0.190124743 g/g-protein

TEG1 0.104522697 g/g-protein

TBGL 0.024721558 g/g-protein

Ndeact 5.056429069 —

faeact 0.862985 fraction residual activity
ka1 19.50465251 mmol/g-EG1/h
KEG? 0.432037935 mM

BEG1 0.201202554 g-EG1/mmol substrate sites
kcBH1 5.906670426 mmol/g-CBH1/h
KgBHL 0.211643145 mM

BeeH1 0.021438858 ¢-CBH1/mmol
kcBH2 5.407705866 mmol/g-CBH2/h
KGPH? 0.279813116 mM

BceH2 0.019686308 ¢-CBH2/mmol
kBGL,Gy 230.3366627 mmol/g-BGL/h
Ki'ds 1.192903359 mM

K5or 11.21350831 mM

kecrL,Gs 819.0841305 mmol/g-BGL/h
K, 0.204975928 mM

kBGL,G, 1721.564109 mmol/g-BGL/h
Kyl 0.505378801 mM

KZ;Q 15.55737042 mM

Kél 57.88640831 mM

kTrd 0.004948592 1/h

Krrsg, 0.02750423 /L

KTT,SG2 0.000145105 g/L

0G5y 1.639599929 mM/mM

[JePNeH 2.27368694 mM/mM

0G,—G, 1.849122279 mM/mM

Yscl /Crr 0.982920472 g-glucose/g-biomass
YSG2 /Crpr 2.204600565 g-cellobiose/g-biomass
Ye, /Cr 0.563872784 g-protein/g-biomass

Hmaz,Tr.Sq,
#maz,Tr,sG2
ky—ss

mry

ITr «

kET
kgec,d
KEpe,sq,

Ysq, /Cpe

0.065140033
0.028999478
0.01211186
0.022947716
6.72
0.007195281
0.000839755
0.001006893
11.4715259
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1/h

1/h
g-substrate/g-biomass/h
g-iButOH/L
g-protein/g-biomass/h
1/h

g/L

g-glucose/g-biomass



Table S2. Parameter/IC set used for Fig 1D

IC or parameter

Value

Notes/Units

MBe,5G,

Hmaz,Eec,Sg,
growth
I/Sa,

Ymaint
1/Sag,

Igc,-

0.142935429
0.080260701
0.321645
0.408565
4.86

g-glucose/g-biomass/h
1/h
g-iButOH/g-glucose
g-iButOH/g-glucose
g-iButOH/L
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Table S3. Experimentally measured model parameters. Listed parameters are organized by experiment, denoted
by shading: microplate , , chemostat , RUTC30 on MCC , RUTC30/K12 on MCC , and

RUTC30/NV3 on MCC . Monoculture data for E. coli JCL260 (BW25113/F’ [traD36, proAB+, laclg ZAM15]
AadhE, AfrdBC, Afnr-ldhA, Apta, ApfiB) included [8]. *We estimated fiyq, Be,Sa, for E. coliNV3 pSA55/69 by mul-
tiplying fimax, Ee, Sa, for NV3 (i.e. the plasmid free strain) by the ratio of JCL260 pSA55/69 : JCL260 442, Ec,Sa,
values.

Species Experiment notes Parameter Value Units

E. coli K12 Microplate Hmaz,Be,Sq, 0.41 £ 0.02 1/h

E. coliNV3 Microplate Wmaz,Ee,5G, 0.43 £+ 0.03 1/h

E. coli JCL260 Microplate Wmaz,Ee,Sq, 0.34 £+ 0.01 1/h

E. coli NV3 pSA55/69* Microplate Wmaz,Ee,Sq, 0.14 £ 0.02 1/h

E. coli JCL260 pSA55/69  Microplate Wmaz,Be,5G, 0.11 +0.01 1/h

E. coli JCL260 pSA55/69 Microplate; NG50; 0% (w/v) i-BtOH Wmaz,Ee,Sq, 0.11 £ 0.005 1/h

E. coli JCL260 pSAS55/69  Microplate; NG50; 0.25% (w/v) i-BtOH  fimaa, Be,Sg, 0.071 £ 0.003 1/

E. coli JCL260 pSA55/69  Microplate; NG50; 0.5% (w/v) i-BtOH Hmaz,Ec,Sg 0.006 £ 0.002 1/h

E. coli K12 Chemostat KEC,SG1 0.24 £+ 0.19 mg/L

E. coli K12 Chemostat Ys G,/CEec 1.4+£0.7 g-glucose/g-biomass
E. coli K12 Chemostat MEe,Sq, 0.44+0.2 g-glucose/g-biomass/h
T. reesei RUTC30 Chemostat Krr, s N 24+ 18 mg/L

T. reesei RUTC30 Chemostat Ys G, /CTr 1.4£0.3 g-glucose/g-biomass
T. reesei RUTC30 Chemostat mr, 0.0175 + 0.005 g-substrate/g-biomass/h
T. reesei RUTC30 RUTC30 on MCC Ys G1/CTr 3.95 g-glucose/g-biomass
T. reesei RUTC30 RUTC30/K12 on MCC Wmaz,Tr,Sq, 0.08 1/h

T. reesei RUTC30 RUTC30/K12 on MCC K., Sa, 0.1 mg/L

T. reesei RUTC30 RUTC30/K12 on MCC Ys G, /Crr 1.75 g-glucose/g-biomass
T. reesei RUTC30 RUTC30/K12 on MCC Ys G /CTr 1.75 g-cellobiose/g-biomass
T. reesei RUTC30 RUTC30/K12 on MCC Ye,. /Cre 0.1 g-protein/g-biomass

T. reesei RUTC30 RUTC30/K12 on MCC kEp 0.001 g-protein/g-biomass/h
Endoglucanase I RUTC30/K12 on MCC kg1 67.2 mmol/g-EG1/h
Cellobiohydrolase I RUTC30/K12 on MCC kcBH1 13.44 mmol/g-CBH1/h
Cellobiohydrolase IT RUTC30/K12 on MCC kcBH2 26.88 mmol/g-CBH2/h
-glucosidase I RUTC30/K12 on MCC kBGL,G, 949.2 mmol/g-BGL/h
-glucosidase I RUTC30/K12 on MCC kg L,G3 2122.4 mmol/g-BGL/h
3-glucosidase I RUTC30/K12 on MCC kBGL,Gj 5068 mmol/g-BGL/h

E. coli K12 RUTC30/K12 on MCC Hmaz,Be,Sq, 0.0425 1/h

E. coli K12 RUTC30/K12 on MCC kEc,a 0.00001 1/h

E. coli K12 RUTC30/K12 on MCC KEC,SG1 0.00001 mg/L

E. coli K12 RUTC30/K12 on MCC Ys G, /CEe 3 g-glucose/g-biomass
E. coli K12 RUTC30/K12 on MCC MEBe,Sg, 0.02 g-glucose/g-biomass/h
T. reesei RUTC30 RUTC30/NV3 on MCC Wmaz,Tr,Sq, 0.1268 1/

T. reesei RUTC30 RUTC30/NV3 on MCC kTr,d 0.004 1/h

T. reesei RUTC30 RUTC30/NV3 on MCC ky—ss 0.01 1/

T. reesei RUTC30 RUTC30/NV3 on MCC mr, 0.0081 g-substrate/g-biomass/h
T. reesei RUTC30 RUTC30/NV3 on MCC Iry « 0.125 g-iButOH/L

T. reesei RUTC30 RUTC30/NV3 on MCC Krrs N 15 mg/L

T. reesei RUTC30 RUTC30/NV3 on MCC Y5G1 /Cryr 1.243 g-glucose/g-biomass
T. reesei RUTC30 RUTC30/NV3 on MCC YSG2 /Cryr 1.243 g-cellobiose/g-biomass
T. reesei RUTC30 RUTC30/NV3 on MCC ke, 0.0001 g-protein/g-biomass/h
T. reesei RUTC30 RUTC30/NV3 on MCC YET (@ 0.139 g-protein/g-biomass
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Table S3. Experimentally measured model parameters. Listed parameters are organized by experiment, denoted
by shading: microplate , |[RUTC30 flask (glucose)’. chemostat , RUTC30 on MCC , RUTC30/K12 on MCC , and

RUTC30/NV3 on MCC . Monoculture data for E. coli JCL260 (BW25113/F’ [traD36, proAB+, laclg ZAM15]
AadhE, AfrdBC, Afnr-ldhA, Apta, ApfiB) included [8]. *We estimated fiyq, Be,Sa, for E. coliNV3 pSA55/69 by mul-
tiplying fimax, Ee, Sa, for NV3 (i.e. the plasmid free strain) by the ratio of JCL260 pSA55/69 : JCL260 442, Ec,Sa,
values.

Species Experiment notes Parameter Value Units

E. coli NV3 pSA55/69 RUTC30/NV3 on MCC Wmaz,Be,Sq, 0.0858 1/h

E. coli NV3 pSA55/69 RUTC30/NV3 on MCC keec,d 0.00525 1/h

E. coli NV3 pSA55/69 RUTC30/NV3 on MCC KEC,SG1 0.1 mg/L

E. coli NV3 pSA55/69 RUTC30/NV3 on MCC Y5c1 /CEc 26.26 g-glucose/g-biomass
E. coli NV3 pSA55/69 RUTC30/NV3 on MCC MEe,Sg, 1.97 g-glucose/g-biomass/h
E. coli NV3 pSA55/69 RUTC30/NV3 on MCC b /’"S"’G"Ih 0.025 g-iButOH/g-glucose
E. coli NV3 pSA55/69 RUTC30/NV3 on MCC Y];ng:t 0.1216 g-iButOH/g-glucose
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Table S4. Summary of dimensionless parameters in simplified TrEc consortium model. All terms are as described
in section 2.6.2. See Table S5 for baseline values for T. reesei RUTC30 and E. coli K12.

Parameter  Definition Description
w % Ec:Tr growth rate ratio (cheater benefits)
Ks b . .
K ZEe Ec:Tr glucose affinity ratio (inverse cheater benefits)
s Ks,1r
AS . . . . .
O0c,—c,y SGG1 Increase in glucose concentration relative to the bulk medium at the 7. reesei
2 cell surface due to cellobiose hydrolysis (cooperator privileged access)
Ysg,/c . . . . . .
Yrr Be Yscli/cEc T. reesei biomass-substrate yield coefficient to E. coli yield coefficient ratio
EEN (relative resource utilization efficiency of cooperator)
kpeaLYBGL/S . . . .
B uiT/Gl Glucose production rate to 7. reesei uptake rate ratio (relative resource produc-
max,Tr . .
tion/consumption by cooperator)
a YBaL/cel kch flL Cellobiose hydrolysis rate to cellulose hydrolysis rate ratio (relative consump-
tion/production of intermediate substrate)
K . . . . .
Kier % Dimensionless 8-glucosidase cellobiose affinity
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Table S5. Baseline parameters for 7. reesei RUTC30 and E. coli K12 used in steady state analysis of the simpli-
fied TrEc consortium model. Other parameters, including 0, ., , 5, Ks,gc (K%) and pimas, 5e (1°) were varied to
explore population dynamics and steady state composition. NV3 parameters were estimated from [8] or [27], or were
estimated from experimental data via regression (Table S3).

Parameter Value Description Notes and source
Umaz,Tr 0.087 Maximum specific growth rate of Tr on glucose (1/h) Est. from [5], [35], and [30]
Ks,1r 0.02 Tr glucose affinity (g/L) Est from [30]
YEcel /Crr 0.5 Enzyme/biomass yield coefficient for Tr (g-protein/g-biomass) Est. from [7] and [34]
YEBGL /Crr 0.015 [3-glucosidase / biomass yield coefficient for Tr (g-BGL/g-biomass) Est. from [28] and [3]
YSG1 /Crp. 2 Glucose/biomass yield coefficient for Tr (g-glucose/g-biomass) Est. from [30]
keel 0.4 Cellulase rate constant (g-cellobiose/g-cellulase/h) Est. from [7]
koL 116 3-glucosidase rate constant (g-glucose/g-3-glucosidase/h) Est. from [10]
Ky, BarL 0.465 [-glucosidase affinity for cellobiose (g/L) Est. from [10]
YBaL/cel 0.03 [3-glucosidase fraction of total cellulase; same as x g 1, (g/g-total) Est. from [7] and [34]
o 8.7 YEYBGL/CTT:BGL _

Epe1/Cry Feel
Yrr/Ec 1.5 Yscl /CRre /YSG1 /Crpe Biologically reasonable value
I }7, 5 Inhibitory iButOH concentration for Tr (g/L) Est. &~ 1/2 Ec
Ip. 10 Inhibitory iButOH concentration for Ec (g/L) Est. from experimental data in this study
nrr 1.5 iButOH inhibition exponent for Tr Biologically reasonable value
NEe 1.5 iButOH inhibition exponent for Ec Biologically reasonable value
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Table S6. ptrmaz,Tr» Wmawx,Ec, and p* for E. coli K12 and T. reesei RUTC30 on 20 g/L glucose TMM media at
various pH levels. All 1ty,4. Ec values were measured experimentally; For 7. reesei, we measured f4;,q 7 at pH 6
and extrapolated to pH 5.5 and 5.3 using data presented in [37].

*

PH pmaz,7r (1/h) Source HUmaz,Ec (1/h)  Source 12

5.3 0.104 £0.01 Est from [37] 0.09 4+ 0.01 This study 0.9 £0.1
5.5 0.098 +0.01 Est from [37] 0.21 4+ 0.03 This study 2.1 4+0.4
6 0.092 + 0.01 This study 0.39 £ 0.01 This study 4.2£0.5
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Table S7. Carbohydrate composition of microbial biomass and AFEX pre-treated corn stover (taken from
AFEX CS TMM media sample). Abbreviations: Arabinose, Ara; Xylose, Xyl; Mannose, Mann; Galactose, Gal;
Hemicellulose glucan, Glc; Crystalline cellulose, Cry cel. *Neither 7. reesei nor E. coli are known to produce crys-

talline cellulose; since the Updegraff assay is non-specific, the measured value probably reflects some other recalcitrant
polysaccharide.

Major carbohydrates (g/g)

Species Ara Xyl Mann Gal Glc Cry cel Total

T. reesei RUTC30 (1£1)E-3 (5+2)E-3 0.049 £ 0.008 0.021 +0.003  0.14 £0.02 0 0.21 £0.02
E. coli K12 (2+04)E-4 (2+0.3)E-4 (2+0.5)E—4 (1£0.2)E-3 0.029 £ 0.001  0.021£0.005* 0.05 £ 0.005
AFEX CS 0.03 +£0.002  0.20 + 0.03 (2.6 £0.4)E-3 0.01 +0.001 0.034 £ 0.007  0.47 £ 0.04 0.74 £ 0.05
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Table S8. Substrate partition and yield/maintenance coefficients estimated via mass balance on E. coli NV3
PSAS5/69 fermentation products for RUTC30/NV3 bi-culture on 20 g/I. MCC. Calculations described in SI Ma-
terials and methods. Mass balance does not include CO, or minor, unidentified fermentation products; therefore these
estimates represent upper or lower bounds (as indicated).

Species Parameter Value Description Units Bound
— Pc_>Ec 0.39 £ 0.07 fraction of substrate consumed by E. coli g/g-total Lower
T. reesei RUTC30 YSG1 /Crr 3.3+1.8 Glucose/biomass yield coefficient for Tr g-glucose/g-biomass Upper
T. reesei RUTC30 mr, 0.013 + 0.001 Maintenance coefficient for Tr g-substrate/g-biomass/h Upper
E. coliNV3 pSA55/69  Yg G /CEge 40.4 £ 3.6 Glucose/biomass yield coefficient for Ec g-glucose/g-biomass Lower
E. coli NV3 pSA55/69 MEe,Sg, 0.767 & 0.002 Maintenance coefficient for Ec g-substrate/g-biomass/h Lower
E. coli NV3 pSA55/69 Yff;g:h 0 4+ 0.001 Growth associated isobutanol/glucose yield g-iButOH/g-glucose Upper
E. coli NV3 pSA55/69 Y;;ng‘lt 0.166 + 0.004 Maintenance associated isobutanol/glucose yield — g-iButOH/g-glucose Upper
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