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Abstract

We used metabolic modeling to computationally investigate the potential of bacterial coculture
system designs for CO conversion to the platform chemical butyrate. By taking advantage of the
native capabilities of wild-type strains, we developed two anaerobic coculture designs by
combining Clostridium autoethanogenum for CO-to-acetate conversion with bacterial strains that
offer high acetate-to-butyrate conversion capabilities: the environmental bacterium the human gut
bacterium Eubacterium rectale. When grown in continuous stirred tank reactor on a 70/0/30
CO/H5,/N, gas mixture, the C. autoethanogenum-C K/uyveri co-culture was predicted to offer no
mprovement in butyrate volumetric productivity compared to an engineered C. autoethanogenum
monoculture despite utilizing vinyl acetate as a secondary carbon source for C. kluyveri growth
enhancement. A coculture consisting of C. autoethanogenum and C. kluyveriengineered in silico
to eliminate hexanoate synthesis was predicted to enhance both butyrate productivity and titer. The
C. autoethanogenum-E. rectale coculture offered similar improvements in butyrate productivity
without the need for metabolic engineering when glucose was provided as a secondary carbon
source to enhance £. rectale growth. A bubble column model developed to assess the potential for
large-scale butyrate production of the C. autoethanogenum-E. rectale design predicted that a
40/30/30 CO/H»/N, gas mixture and a 5 m column length would be preferred to enhance C.
autoethanogenum growth and counteract CO inhibitory effects on E. rectale.
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1. Introduction

The development of cost-effective technologies for sustainable production of fuels and
chemicals from renewable resources remains a paramount challenge for our society. While
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catalytic technologies hold considerable promise for many applications, they suffer from
several shortcomings including the need for costly gas pretreatment, high operating
temperatures and catalyst fouling that reduces process efficiency [1]. Microbial systems
represent a possible alternative for many applications due to their evolved ability to utilize
diverse feedstocks and synthesize a broad array of metabolites [2]. However, the
effectiveness of microbial platforms has only been demonstrated at scale for a few
applications such as conversion of corn-derived glucose to ethanol [3] and the production of
1,3-propanediol from plant-derived glucose [4]. To eventually succeed in the marketplace,
microbial systems must offer more flexibility with respect to the feedstock utilized as well as
the product synthesized.

Butyric acid and its conjugate base butyrate are important platform chemicals for production
of methyl butyrate, cellulose acetate butyrate (CAB), poly(3-hydroxybutyrate) (PHB) and
other chemical intermediates [5-8] and for incorporation into animal feeds as a nutrient [9].
The global butyric acid market was USD 124.6 Million in 2014 and is estimated to more
than double to USD 289.3 Million in 2020 [10]. Current butyrate production technology is
based on chemical synthesis through oxidation of butyraldehyde, which is produced from
crude oil derived propylene by oxosynthesis [11]. This chemical synthesis route will
eventually require replacement with a renewable alternative. Due to the highly optimized
nature of current butyrate production processes, competing technologies will require a
relatively cheap feedstock to offer the possibility of economic competitiveness. While
microbial systems have been proposed for butyrate production [5], most technologies are
based solely on relatively expensive feedstocks such as glucose. Waste gas streams
containing CO, CO», H, and N, are produced in high volumes by several large industries
including steel manufacturing, oil refining and chemical production [12-15]. LanzaTech is
commercializing microbial technologies for waste gas conversion to fuels and chemicals
[16]. Development efforts have focused on the use of gas fermenting acetogens such as
Clostridium autoethanogenum to synthesize the native metabolic byproducts ethanol and
2,3-butanediol.

Microbial butyrate production from waste gases is challenging because wild-type strains
capable of gas consumption tend to synthesize butyrate at low yields. Several bacterial
genera including Butyribacterium, Butyrivibrio, Clostridium, Eubacterium, Fusobacterium,
Megasphera and Sarcina are known to synthesis butyrate as a primary metabolic byproduct
[8]. However, only a few butyrate-producing genera are capable of CO and CO, uptake.
Eubacterium limosum has been reported to grow on CO as a sole carbon source and to
secrete acetate and trace amounts of butyrate [17]. Clostridium strains are more commonly
used for butyrate and butanol synthesis due to their relatively high productivities. For
example, Clostridium tyrobutyricum is capable of high butyrate synthesis from glucose and
xylose but is incapable of CO consumption [18,19]. An alternative approach is to
metabolically engineer the Wood-L jungdahl pathway of gas fermenting acetogens such as
Clostridium autoethanogenum and Clostridium ljungadahlii to introduce butyrate synthesis.
Both /n vitro[20,21] and in silico [20,21] studies have demonstrated the feasibility of
engineering C. ljungaahliito secrete butyrate while reducing the synthesis of the native
products acetate and ethanol. However, these studies indicate that butyrate production was
accompanied by reduced growth of the mutant strain. Furthermore, attempts to increase
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carbon flux to butyrate through deletion of the ack (acetate kinase) gene has the potential to
reduce strain genetic stability [22]. Therefore, there is considerable motivation to develop
new microbial platforms for CO-to-butyrate conversion based on wild-type strains.

In this study, we focused on /n silico analysis of coculture systems in which the CO
consumption and butyrate synthesis capabilities of wild-type strains were synergistically
combined. Motivated by coculture designs developed for biofuel and biogas production,
wastewater treatment, soil remediation and traditional food production [23-27], we sought to
exploit the native metabolic capabilities of acetogens to convert CO-containing waste gases
to acetate and of certain anaerobes to convert available acetate to butyrate (Fig. 1a). The two
acetate-to-butyrate converting species investigated were the environmental bacterium
Clostridium kluyveriand the human gut bacterium Eubacterium rectale. A coculture of C.
kluyveriand C. autoethanogenum has been studied /n vitro for conversion of CO-rich gas
streams to butyrate, other short-chain fatty acids and higher alcohols [27,28]. A possible
disadvantage of this design is that C. kfuyveri can exhibit diauxic growth by consuming
secreted butyrate as a substrate to synthesize other metabolic products such as hexanoate
[29]. E. rectaleis a common member of the human gut microbiota whose primary metabolic
function /n vivois acetate-to-butyrate conversion [30]. £. rectale often secretes Hy as a
secondary byproduct, thereby providing an additional energy source to support C.
autoethanogenum growth. Both cocultures systems were supplied with a secondary carbon
source to enhance growth of the butyrate producer. If not consumed by the butyrate-
producing species, ethanol could be a valuable coproduct which is easily separated from
butyrate due to their different boiling points (ethanol 78.2 °C, butyrate 163.5 °C) and
inability to form an azeotrope.

We developed dynamic models of coculture growth in continuous stirred tank bioreactors
(CSTBRs) to assess the relative performance of the two coculture system designs along with
a monoculture design based on engineered C. autoethanogenum (Fig. 1b). In addition to the
usual advantage that CSTBRs offers higher volumetric productivities than batch bioreactors,
continuous liquid and gas flows allowed the dissolved CO concentration to be maintained at
low levels that were less likely to strongly inhibit growth of the butyrate-producing species.

The models combined genome-scale reconstructions of individual species metabolism,
uptake kinetics for dissolved gas components and extracellular balances for biomass, gas-
phase metabolite and liquid-phase metabolite concentrations (Fig. 1¢). The MATLAB code
DFBAIlab was used to solve the dynamics models consisting of nonlinear ordinary
differential equations with embedded linear programs (Fig. 1d). Due to its promising
performance in well-mixed continuous culture, the C. autoethanogenum-E. rectale system
was evaluated for coculture growth in a simulated bubble column reactor that provides more
favorable gas-liquid mass transfer and the capability for large-scale production [31-33]. We
believe that our study represents an important contribution towards the development of
microbial platforms for waste gas-to-butyrate conversion.
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2. Materials and methods

2.1. Engineered C.Autoethanogenum model

C. autoethanogenum metabolism was described by the genome-scale reconstruction
iCLAU786 which accounts for 786 annotated genes, 1095 intracellular metabolites and 1108
intracellular and exchange reactions [34,35]. The reconstructed Wood-Ljungdahl pathway
[36] offers the potential of synthesizing and secreting native metabolites including acetate,
ethanol, lactate and 2,3-butanediol. Preliminary flux balance analysis (FBA) calculations
with a maximal growth objective predicted acetate and ethanol as the primary metabolic
products from CO/H, feed mixtures. The published model contained an incomplete butyrate
synthesis pathway (Table S1), consistent with the inability of the wild-type strain to produce
butyrate [21]. A functional butyrate synthesis pathway was introduced by /n sifico insertion
of the biosynthetic reactions ACACT1r, ACOAD1z, HACD1, ECOAHL, PBUTT and
BUTKTIr and the butyrate transport reaction BUTt [20] (Table S1). OptKnock [21,37] was
used to determine /n silico gene deletions that would direct flux away from the native
products and towards butyrate.

Dissolved CO uptake kinetics of C. autoethanogenum were specified to follow a modified
Michaelis-Menten equation that accounted for CO inhibition, which experimental studies
have shown is important at high dissolved CO levels [38],

v _ Umax, COCL, CcO
co—= — C 7
L,CO (1)
Kim,co+CrLcot —¢;

where v is the CO uptake rate (mmol/gDW/h), which serves as a bound in the FBA
calculation; Vs cois the maximum CO uptake rate (mmol/gDW/h); C; cois the dissolved
CO concentration (mmol/L); K, cois the CO saturation constant (mmol/L); and K} is the
CO inhibition constant (mmol/L). C. autoethanogenum uptake of dissolved Hy, was assumed
to follow Michaelis-Menten kinetics,

Umax, H2CL, H2

LI LS 2
Ky w2+ Cr H2 @

VH2 = —
where vy is the Hy uptake rate bound; Vi, rp is the maximum H; uptake rate; C; fp is the
dissolved H; concentration; and K} 4 is the Hy saturation constant. A literature review [39-
41] yielded the CO uptake parameters and estimated H, uptake parameters listed in Table 1.

2.2. C.Autoethanogenum and C. Kluyveri coculture model

C. autoethanogenum metabolism was described by the genome-scale reconstruction
iCLAU786 [34,35] without modification. The genome-scale reconstruction iCKL708
accounting for 708 genes, 804 metabolites and 994 intracellular and exchange reactions [29]
was used to describe C. kluyveri metabolism. Our preliminary FBA calculations predicted a
very small C. kluyveri growth rate when acetate and ethanol were the sole carbon sources.
The authors of the original paper suggested supplementation with vinyl acetate or crotonate
to enhance growth; we used vinyl acetate as the secondary carbon source in our design (Fig.
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1a). Even with this additional carbon source, our FBA calculations predicted that hexanoate
rather than butyrate would be the primary byproduct of C. kluyveri. Therefore, we applied
the OptKnock algorithm [37] to the C. kluyveri genome-scale reconstruction to identify gene
knockouts that would yield an engineered /in sifico strain with higher butyrate synthesis.

C. autoethanogenum was assumed to have the same CO and H, uptake kinetics as in
monoculture (Egs. 1 and 2), while C. kluyveri uptake kinetics for acetate, ethanol, vinyl
acetate and butyrate were assumed to follow the Michaelis-Menten equation modified to
account for CO growth inhibition [46],

Cr.co

Umax, iCL, i { _
[COlnax

- 1
Ky, i+Cr i\

v; = ©))
where vjis the uptake rate bound of the 7-th metabolite (acetate, ethanol, vinyl acetate and
butyrate); Vinax 7is the maximum uptake rate, C; ;is the liquid-phase concentration; Kp, ;is
the saturation constant; and [ CO] 4« is the maximum dissolved CO concentration (mmol/L).
Because C. kluyveriuptake parameters were not available in the literature, we assumed
approximate values based on parameters reported for E£scherichia coli [45].

2.3. C. Autoethanogenum and E. rectale coculture model

C. autoethanogenum metabolism was described by the genome-scale reconstruction
iCLAUT786 [34,35] without modification, while the /Ere400 reconstruction consisting of 400
genes, 416 metabolites and 465 intracellular and exchange reactions [47] was used to model
E. rectale metabolism. Our preliminary FBA calculations predicted that £. rectale would not
consume ethanol or butyrate and that growth on acetate as the sole carbon source was not
possible. Therefore, a secondary carbon source was necessary to support £. rectale growth.
While E. rectale is known to have versatile substrate utilization capabilities that include
complex carbohydrates, the genome-scale metabolic reconstruction /Ere400 used in this
study did not allow the uptake of complex carbohydrates. Of the simple carbohydrates
(glucose, fructose, lactose and maltose) included in the model, we selected glucose due to its
prevalence as a fermentation substrate. Since £. rectale is a human gut bacterium, its toxicity
to dissolved CO has not been studied. However, Eubacterium limosum is known to exhibit
CO tolerance and has been proposed as a model organism for CO fermentation [17,48].
Therefore, we assumed that £. rectale uptake of acetate and glucose would be inhibited by
dissolved CO according to the same kinetics and parameter values as used for C. kluyveri
(Eq. 3) to allow an unbiased comparison of the two coculture designs.

2.4. Continuous culture model formulation

The monoculture and coculture system designs were compared for simulated anaerobic
growth in a continuous stirred tank bioreactor (CSTBR; Fig. 1b). The mass balance equation
on the biomass of the 7-th species was formulated as,

9Xi _ X DX
7 HiAj— i 0
Xi(0) = X; 0
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where Xjis the biomass concentration (g/L); 4;is the specific growth rate (h~1) obtained
from solution of the flux balance problem; Dis the dilution rate (h~1); and .Xj is the initial
biomass concentration. Mass balances on liquid-phase metabolites had the form,

dC;
J _
- v1,j X1+ 02, X2+ D(Cj s~ C)) (5)

where Cjis the concentration (mmol/L) of /-th metabolite (glucose, vinyl acetate, butyrate
and hexanoate); v; ;is the specific production (positive) or uptake (negative) rate
(mmol/gDW/h) of the j-th metabolite by the /-th species; Dis the dilution rate (h™1); and
Cj ris the feed concentration of /-th metabolite.

Mass balance equations on dissolved gas components had the form,
dCy m .
ar :Ul,le+UZ,mX2+kLa(Cm_CL,m)_DCL,m

Cr.m(0)=CL mo

(6)

where C; pis the dissolved concentration (mmol/L) of /m-th gas component (CO and Hy);
v;;is the specific uptake rate of the /-th component by the 7-th species; k;, is the
volumetric gas-liquid mass transfer coefficient, C is the saturation concentration (mmol/L)
of the m -th component calculated from the gas phase concentration using Henry’s law at the

specified temperature and pressure; and C; ;0 is initial liquid-phase concentration of the /m
-th component. Mass balance equations on gas-phase substances had the form,

dc,, O
= FHC = Co) = KralCii = Crp) ™
Cm(o) = Cm,f

where C, is the gas-phase concentration (mmol/L) of the /7 -th gas component (CO and
H»); Qg is the feed gas volumetric flow rate (L/h); Vis the liquid volume (L); and Cp, ris the

feed concentration (mmol/L) of the m -th gas component. All the parameter values used in
the CSTBR models are listed in the Table 1.

The monoculture and coculture reactor models consisting of ordinary differential equations
(ODEs) for extracellular culture dynamics and linear programs (LPs) for intracellular
steady-state metabolism were solved within MATLAB using the code DFBAIlab [49,50] as
shown in Fig. 1c and detailed in our previous publications [41,51-53]. DFBAIlab utilized
lexicographic optimization to avoid the possibility of alternative optima in the LPs [49]. The
primary objective was chosen as the usual growth rate maximization [54,55], while the
remaining objectives were specified according to assumed metabolic behavior of the three
modeled species (Table S2). We found the directionality and ordering of these secondary
objectives had a negligible effect on simulation results (Fig. 1d) with the MATLAB code
odel5s used for ODE solution and Gurobi used for LP solution.
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2.5. Bubble column model formulation

Based on CSTBR simulations, we identified the C. autoethanogenum and E. rectale
coculture system as the most promising design based on wild-type species. This coculture
design was implemented in a bubble column reactor (Figure S10) to investigate /n silico
performance in a more realistic reactor configuration used for large-scale production [56].
Due to space limitations and the availability of our previous publications [41,51-53]
detailing the metabolic modeling framework for bubble column fermentation, the details of
the coculture model are omitted here. Bubble column model parameters are provided in
Table S3 for the interested reader. Moreover, all CSTBR and bubble column simulation
codes used in this study can be downloaded from our website (www.ecs.umass.edu/che/
henson_group/downloads.html).

3. Results and discussions

3.1. Flux balance analysis of C. Kluyveri and E. rectale metabolism

FBA with a maximal growth objective was performed as a prelude to CSTBR simulations to
characterize the growth and byproduct secretion properties C. kluyveriand E. rectale. The
calculations were performed with the uptake rates of carbon sources set equal to the
maximum values in Table 1. When grown on glucose as the sole carbon source, £. rectale
was predicted to secrete butyrate and H, at nearly equal rates (Table 2). The addition of
acetate as another carbon source only increased the growth rate slightly (+4.4%) but
dramatically shifted the byproduct secretion rates by increasing butyrate (+38%) and
decreasing Hy (—76%). Considering that acetate is a two-carbon molecule while butyrate is a
four-carbon molecule, these predictions show that 93% of supplied acetate was converted
directly to butyrate. The model predicts utilization of the acetate-to-butyrate pathway
because E. rectaleis able to transfer acetate back into acetyl-CoA, which can produce ATP
that favors growth, and further convert acetyl-CoA into butyrate [30].

Growth of C. kluyverion vinyl acetate as the sole carbon source was predicted to generate
butyrate as the only byproduct. The predicted growth rate of C. kluyveriwas about four
times less than that of E. rectale on glucose. The addition of acetate shifted the byproduct
secretion pattern such that hexanoate was synthesized and the butyrate secretion rate
decreased substantially (—23%). A potential advantage of C. k/uyverifor coculture system
design was that ethanol secreted by the acetogen could be consumed. While the addition of
ethanol as a third carbon source increase the growth rate (+55%), byproduct secretion was
further shifted towards hexanoate and the butyrate secretion rate was substantially reduced
(-57%). Collectively, these predictions suggest that £. rectale could be preferred for
coculture design due to its higher growth and butyrate secretion rates.

3.2. CSTBR performance of engineered C. autoethanogenum monoculture

The C. autoethanogenum monoculture model was used to assess butyrate production
capabilities in continuous culture. The steady-state growth rate was set by the dilution rate
(D) [57] and had a strong impact on butyrate volumetric productivity. Therefore, we
performed CSTBR simulations over a range of D values and presented results for three
values that bracketed the optimal butyrate productivity to examine robustness of the design.
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Predicted responses demonstrated slow startup dynamics, with approximately 100-200
hours required to approach steady state depending on D (Fig. 2). We found that reactor
washout occurred at D= 0.12h71. The intermediate dilution rate O = 0.07h™! yielded the
highest steady-state butyrate productivity due to the favorable tradeoff between the C.
autoethanogenum biomass concentration and the specific butyrate synthesis rate. However,
this D value produced less CO consumption and a lower butyrate titer than rate than D=
0.05h~1. Approximately 50% of supplied CO was consumed at the optimal D value,
suggesting that performance was limited by gas-liquid mass transfer of the CSTBR. The
highest dilution rate D= 0.09h~! yielded the worst performance due to inadequate biomass
formation. All three D values were predicted to generate low acetate concentrations due to
low secretions rates of the engineered strain. We used this monoculture system as a base
case to quantify the relative performance of the coculture designs discussed below.

3.3. CSTBR performance of C. autoethanogenum and C. Kluyveri coculture

Having established that system designs based on C. autoethanogenum were expected to
exhibit slow dynamics, we focused on steady-state performance of the candidate coculture
designs. The highest butyrate productivity for the C. autoethanogenum-C. kluyveri system
was predicted at D= 0.10h1 as smaller D values yielded relatively low specific butyrate
synthesis while higher D values generated inadequate biomass formation (Figure S1).
Despite the addition of vinyl acetate as a secondary carbon source, the coculture generated a
slightly lower butyrate productivity (0.06g/L/h) than the engineered C. autoethanogenum
monoculture (0.07g/L/h) due to the synthesis of unutilized acetate and the undesired
byproduct hexanoate. Our simulation results are difficult to compare directly to data from
the original study [28] due to the experimental use of rich media containing yeast extract
rather than minimal media and anaerobic bottles rather than CSTBRs. However, it is
interesting to note that experiments predicted final acetate, hexanoate and butyrate
concentrations of 15 mmol/L, 2 mmol/L and 15 mmol/L while our CSTBR simulation at D
= 0.1 h™? predicted the concentrations at steady state to be 15 mmol/L, 5 mmol/L and 8
mmol/L, respectively.

We explored the possibility of increasing butyrate production of the coculture system
through /n silico engineering of the C. kluyveri genome-scale reconstruction. OptKnock [37]
predicted that removal of the reaction catalyzed by trans-2-enoyl-CoA reductase would
completely eliminate hexanoate synthesis while simultaneously increasing butyrate
secretion. C. kluyveriuses this enzyme to produce hexanoyl-CoA which is used along with
butanoic acid to synthesize hexanoate. When combined with C. autoethanogenumin a
simulated CSTBR, the engineered C. kluyveristrain resulted in a large increase in butyrate
productivity from 0.07 g/L/h obtained with the wild-type strain to 0.11 g/L/h (Fig. 3). The
optimal dilution rate remained D= 0.10h™L. Increased butyrate production was predicted to
result from elimination of hexanoate synthesis rather than more effective utilization of
available carbon, as the residual acetate concentration increased due to reduced acetate
uptake by the engineered strain. Because genetic engineering tools for C. autoethanogenum
are under development [58,59], the feasibility of realizing the mutant strain and the resulting
strain performance would need to be evaluated experimentally.
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3.4. CSTBR performance of C. autoethanogenum and E. rectale coculture

Our FBA calculations indicated that £. rectale may offer advantages to wild-type C. kluyveri
for coculture system design to its higher growth rates and superior acetate-to-butyrate
conversion capabilities. This hypothesis was investigated by performing CSTBR simulations
for the C. autoethanogenum-E. rectale system with glucose used as the secondary carbon
source. This coculture allowed the use of higher dilution rates, with washout value predicted
to be D= 0.19 h™1. The optimal value D= 0.12h~1 produced a butyrate productivity of 0.11
g/L/h (Fig. 4), which was substantially higher than that achieved in engineered C.
autoethanogenum monoculture (0.07 g/L/h) and cocultures containing wild-type C. kluyveri
(0.07 g/L/h) and equal to that achieved in cocultures with engineered C. kluyveri. Residual
acetate was reduced to 2mmol/L due to relatively high biomass concentration and specific
acetate uptake of £. rectale, demonstrating more efficient carbon utilization than predicted
with C. kluyverieven though slightly less CO was consumed by C. autoethanogenum due to
the higher dilution rate. On the other hand, E. rectale could not consume the small amount of
ethanol secreted by C. autoethanogenum. The two species engaged in H, crossfeeding at the
highest D value, which enhanced C. autoethanogenum growth and allowed coexistence at a
higher dilution rate than possible with the monoculture system and the other coculture
design. Due to its predicted ability to achieve relatively high butyrate productivity due to the
native metabolic capabilities of the wild-type species and avoid the complications of
metabolic engineering, the C. autoethanogenum-E. rectale coculture was deemed the
superior design and subjected to additional investigation.

To examine system performance with respect to feed gas composition, CSTBR simulations
where performed for CO/H,/N, compositions ranging from 70/0/30 (base case) to 40/30/30.
The addition of H, to the feed gas was predicted to increase C. autoethanogenum biomass
formation but shifted byproduct secretion towards ethanol rather than acetate (Fig. 5),
consistent with experimental studies [28]. Despite these variations, the predicted
performance of E. rectale was highly consistent with its biomass concentration and specific
acetate uptake remaining effectively constant across feed compositions because the
reduction in specific acetate secretion was balanced by increased C. autoethanogenum
biomass. As a result, butyrate productivity and titer also were constant while acetate levels
varied slightly but remained low. CO consumption by C. autoethanogenum was affected
only at the highest feed H, composition but remained less than 50% of available CO,
suggesting the need for an alternative reaction configuration with higher gas-liquid mass
transfer capabilities. These CSTBR simulation results suggested that the proposed coculture
design was robust to feed composition but that the addition of H, would not offer benefits
for butyrate production.

Gas feeds containing H, were predicted to result in ethanol accumulation that represented
lost carbon from the perspective of butyrate production. In effort to reduce ethanol
formation, we replaced C. aufoethanogenum with the acetogen Clostridium ljungdahlii
known to favor acetate as a byproduct [60]. Preliminary FBA calculations with the genome-
scale metabolic reconstruction iHN637 [61] demonstrated the ability of C. /jjungdahliito
compete with E£. rectale for glucose. To avoid substrate competition, 10 mmol/L glucose was
replaced with 5 mmol/L lactose as a secondary carbon source for £. rectale. This second
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design alternative was predicted to yield the same butyrate productivity as the C.
autoethanogenum-E. rectale system when grown in a CSTBR at the nominal CO/H4/N feed
composition of 70/0/30 (Figure S2) and required the most expensive substrate lactose. A
third design alternative in which the glucose uptake ability of C. /jungaahliiwas eliminated
and glucose was supplied as the secondary carbon source produced a slight decrease in
butyrate productivity at the nominal feed gas composition (Figure S3). However, this
alternative offered some promise for Hp-containing feeds as a butyrate productivity of 0.16
g/L/h was predicted for a 40/30/30 composition (Figure S4).

Analogous CSTBR simulations were performed by combining wild-type C. ljungdahlii with
wild-type and engineered C. k/uyveriusing vinyl acetate as the secondary carbon source.
The wild-type coculture design failed to generate a butyrate productivity above 0.09 g/L/h
(Figures S5 and S6), while the design with engineered C. k/uyveriwas more promising
(Figure S7) and achieved a butyrate productivity of 0.22 g/L/h for a CO/H,/N, feed
composition of 40/30/30 (Figure S8). A comparison of the butyrate productivities predicted
for all four wild-type designs considered in this study shows that the C. autoethanogenum-E.
rectale system offered the best performance over a range of feed gas compositions if the
design with lactose as the secondary carbon source was eliminated from consideration
(Figure S9a). Of the four designs involving an engineered Clostridium, the combination of
C. autoethanogenum and engineered C. kluyveriwas predicted to yield the best performance
(Figure S9b). Given our goal of combining the native metabolic capabilities of wild-type
strains and the uncertainty associated with the feasibility of the proposed genetic
modifications, only the best performing wild-type system design (C. autoethanogenum-£.
rectale) was considered for future investigation.

3.5. Bubble column reactor performance of C. autoethanogenum and E. rectale coculture

CSTBRs are rarely used for large-scale gas fermentation due to the prohibitive agitation
costs required to achieve adequate gas-liquid mass transfer [62]. Bubble column reactors
with countercurrent flow and liquid recycle (Figure S10) are used industrially to achieve
high gas-liquid mass transfer rates with only liquid pumping costs [41,63]. To evaluate the
performance of the C. autoethanogenum-£. rectale coculture design for large-scale
production, we developed a bubble column model with simplified hydrodynamics following
our previously developed framework for monoculture systems [41]. The simulated reactor
had a length of 5 m, total volume of 15 m3, CO/H,/N, feed composition of 70/0/30, feed
superficial gas velocity of 150 m/h, glucose feed concentration of 200 mmol/L to sustain £.
rectale growth and feed superficial liquid velocity of 50 m/h (Table S3). The gas-liquid mass
transfer rate k; awas calculated from the gas bubble interfacial area &, which varied with
axial position in the column. When averaged across the column, the reactor k; a= 280 h™2
which has much larger than the constant value reactor <;@= 100 h™! used in CSTBR
simulations. The interested reader should consult our previous publication for details about
model formulation and solution [41].

The effects of reactor length on coculture system performance were investigated as this
reactor design parameter has been shown to be important in our previous monoculture
modeling studies [41]. To allow meaningful comparisons when the length was changed from
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the nominal value L = 5m, the cross-sectional area was varied such that the reactors had the
same height-to-diameter ratio and the feed gas volumetric flow rate also was scaled to
maintain the same gas supply per unit volume of reactor. Simulations revealed a complex set
of tradeoffs, with butyrate titer maximized for L = 2.5 m, butyrate mass production
maximized for L =5 m, and £. rectale washed out for L = 10 m (Fig. 6). The shortest
column was predicted to generate low C. autoethanogenum biomass due to insufficient CO
retention time but high £. rectale biomass due to reduced CO inhibition attributed to the
lower hydrodynamic pressure and dissolved CO concentration at the bottom of the column.
As a result, all residual acetate was consumed and butyrate titer was high but both CO
utilization and butyrate production were low. The longest column generated high dissolved
CO concentrations which strongly inhibited £. rectale growth across most of the column,
leading to E. rectale washout. The column of intermediate length offered the most favorable
tradeoff between the CO retention time and inhibition effects.

Based on these results, we simulated a reactor with L =5 m to investigate the effects of feed
gas composition on coculture system performance. Unlike predicted behavior in CSTBR, the
bubble column model predicted that a CO/H,/N, feed composition of 40/30/30 would
generate the highest butyrate mass flow and titer due to reduced CO inhibition across the
column (Fig. 7). In this case, E. rectale growth was almost constant across the column
leading to the increased E. rectale biomass while the presence of H, allowed enhanced C.
autoethanogenum growth and biomass formation. The two species engaged in substantial
acetate crossfeeding such that no residual acetate was present. Disadvantages of this feed
composition were the production of ethanol as a significant byproduct due to H, availability
and the consumption of only about 35% of supplied CO because of relatively low dissolved
CO concentrations. When the CO content of the feed was increased, E. rectale growth
inhibition became dominant and overall system performance degraded with respect to both
butyrate production and titer due to insufficient £. rectale biomass formation.

For sake of comparison, a monoculture of £. rectale growing solely on glucose was
simulated using a CO/H4/N, feed composition of 0/0/100. While the predicted E. rectale
biomass concentration was only slightly less than that obtained with a gas mixture of
40/30/30, the two cases had strikingly different butyrate productivities and titers. The
butyrate productivity obtained with pure N5 feed was predicted to be 1.2g/L/h while that
obtained with the gas mixture was 2.1g/L/h, which clearly demonstrated the benefit of
acetate-to-butyrate conversion in the coculture system. These results were consistent with
FBA predictions that £. rectale acetate uptake only enhanced growth rate slightly but
substantially increased butyrate synthesis. We calculated glucose-to-butyrate conversion to
be 18% and CO-to-butyrate conversion to be 56% based on the amounts of glucose and CO
actually consumed. Because essentially all supplied glucose was consumed and only about
35% of supplied CO was utilized, further design optimization would depend on increasing
CO utilization while managing £. rectale inhibition by dissolved CO. Although direct
comparison of bubble column and CSTBR results were difficult, the two reactor designs
could be evaluated according to their CO-to-butyrate conversion efficiencies of 56% for the
bubble column reactor and 22% for the CSTBR. The improved performance predicted for
the bubble column was due to different volumetric mass transfer coefficients for the two
reactor types along with different concentrations of C. aufoand E. rectale. These predictions
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supported the use of bubble column reactors for CO-rich waste gas streams containing
sufficiently high levels of Ho.

4. Conclusions

We performed an /n silico investigation of several coculture systems for conversion of CO-
rich waste gases to the platform chemical butyrate in anaerobic continuous stirred tank
bioreactors (CSTBRS). A monoculture system based on /n silico engineering of the acetogen
Clostridium autoethanogenum for butyrate synthesis was used as a basis for comparison. In
addition to the difficulties in effectively engineering Clostridium strains [58,59], the
monoculture system was predicted to yield the lowest butyrate productivity of all designs
involving engineered strains. The combination of C. autoethanogenum for CO-to-acetate
conversion with the environmental bacterium Clostridium kluyveri for acetate-to-butyrate
conversion was predicted to yield relatively poor performance despite providing vinyl
acetate as a secondary carbon source unless hexanoate production by C. kluyveriwas
eliminated through /n sifico metabolic engineering. An alternative coculture design based on
combining C. autoethanogenum and the gut bacterium Eubacterium rectale with glucose as a
secondary carbon source was predicted to provide superior performance without the need for
strain engineering due to the high growth rates and acetate-to-butyrate conversion efficiency
of E. rectale. An interesting design not explored in this study is a three-species system
comprised of C. autoethanogenum for CO conversion to acetate and ethanol, £. rectale for
acetate-to-butyrate conversion and engineered C. k/uyverifor ethanol-to-butyrate
conversion.

The feasibility of large-scale butyrate production with this wild-type coculture design was
demonstrated through implementation in a simulated bubble column reactor, which
predicted enhanced CO-to-butyrate conversion efficiency for CO-rich feeds containing
sufficiently high levels of Hy. Coculture performance was predicted to be limited through
incomplete CO utilization by C. autoethanogenum and CO inhibition of £. rectale growth,
suggesting that further optimization of bubble column design and operating parameters was
possible. Overall, this study demonstrated that metabolic modeling could provide useful
insights into coculture performance that can guide future experimental studies required to
validate the model predictions. We intend to pursue future experimental studied aimed at
testing the model predictions and providing data for model improvement, especially with
respect to £. rectale growth inhibition by CO.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. CO-to-butyrate conversion with coculture systems was assessed by metabolic
modeling.
. The two bacteria performed CO-to-acetate and acetate-to-butyrate conversion.
. Clostridium autoethanogenumy/Eubacterium rectale had high butyrate
productivity.

. E. rectale inhibition by dissolved CO has a strong effect on predicted
performance.
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Fig. 1.

(a) Schematic representation of the coculture design concept. (b) Continuous stirred tank
bioreactor (CSTBR) simulations used to evaluate system performance. (c) Dynamic flux
balance model solved with DFBAIab. (d) Representative dynamic simulation results.

Biochem Eng J. Author manuscript; available in PMC 2020 November 15.



1duosnuey Joyiny

1duosnuely Joyiny

Li and Henson Page 19

— a b c

=038 30 25

2 -

o« = Ly

206 S25 s 2

5 E E1s

£ "

s 0.4 § 20 P

=] o~ 8 —0.05
o —D=005n" = © ;
Chs ——D=0.07h" o5 Los 0.07

4 o —0.09
g) ——D=0.09h
w o 10 0
0 100 200 300 0 100 200 300 0 100 200 300

_ Time [h] Time [h] Time [h]

= d — e

0 15 ='0.08 0.3

£ J 3

£ 2 2

5 < 0.06 )

=10 S 20.2

[ S °

= 3 0.04 £

g <) E

S 5 —0.05 g— —0.05 2 0.1

o —o007/| £002 —0.07 o

% —009]| 5 —0.09 g

Z0 8 o 0

a 0 100 200 300 0 100 200 300 Acetate Butyrate

Time [h] Time [h]
Fig. 2.

Effect of the dilution rate on CSTBR performance of the engineered C. autoethanogenum
monoculture. (a) Dynamic response of the C. autoethanogenum biomass concentration; (b)
dynamic response of the gas-phase CO concentration; (c) dynamic response of the acetate
concentration; (d) dynamic response of the butyrate concentration; (e) dynamic response of
the butyrate volumetric productivity; (f) steady-state acetate and butyrate secretion rates.
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C. kluyveribiomass concentrations; (b) amount of consumed CO and vinyl acetate; (c)
acetate and hexanoate concentrations; (d) acetate secretion rate for C. autoethanogenum and
uptake rate for C. kluyverri, (€) ethanol secretion rate for C. autoethanogenum and uptake
rate for C. kluyvers, (f) butyrate concentration and volumetric productivity.
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Fig. 4.

Ef%ect of the dilution rate on steady-state CSTBR performance of the C. autoethanogenum-
E. rectale coculture system. (a) C. autoethanogenumand E. rectale biomass concentrations;
(b) amount of consumed CO and glucose; (c) acetate and ethanol concentrations; (d) acetate
secretion rate for C. autoethanogenum and uptake rate for £. rectale; (e) H, uptake rate for
C. autoethanogenum and secretion rate for E. rectale, (f) butyrate concentration and
volumetric productivity.
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Effect of gas feed composition (CO/Hy/N5) on steady-state CSTBR performance of the C.
autoethanogenum-E. rectale coculture system. () C. autoethanogenum and E. rectale
biomass concentrations; (b) amount of consumed CO and glucose; (c) acetate and ethanol
concentrations; (d) acetate secretion rate for C. autoethanogenum and uptake rate for £.
rectale; (€) Ho uptake rate for C. autoethanogenum and secretion rate for £. rectale; (f)
butyrate concentration and volumetric productivity.
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Effect of bubble column reactor length on steady-state performance of the C.
autoethanogenum-E. rectale coculture system. () C. autoethanogenum and E. rectale
biomass concentrations exiting the column; (