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Abstract

Consolidated bioprocessing is a potential breakijindechnology for reducing costs of
biochemical production from lignocellulosic biomaBsoduction of cellulase enzymes,
saccharification of lignocellulose and conversiéthe resulting sugars into a chemical of
interest occur simultaneously within a single bamter. In this study, synthetic fungal consortia
composed of the cellulolytic fungdsichoderma reesei and the production specializhizopus
delemar demonstrated conversion of microcrystalline cellel (MCC) and alkaline pre-treated
corn stover to fumaric acid in a fully consolidatednner without addition of cellulase enzymes
or expensive supplements such as yeast extraiterAot 6.87 g/L of fumaric acid, representing
0.17 w/w yield, were produced from 40 g/L MCC walproductivity of 31.8 mg/L/h. In

addition, lactic acid was produced from MCC usirfgragal consortium wittiRhizopus oryzae as
the production specialist. These results are poba@bncept demonstration of engineering
synthetic microbial consortia for CBP productiomafurally occurring biomolecules.
Keywords: Consolidated bioprocessing; Lignocelliddsomass; Synthetic consortia; Fumaric

acid.

Lignocellulosic biomass is an attractive substfatédioconversion into industrial chemicals
because it is the most abundant terrestrial renieviab-feedstock on earth. As a non-edible
plant substrate, lignocellulose can be produceabdsultural and forest residues, which do not
require massive land use changes. There are atswstocial motivations for using

lignocellulosic biomass as a replacement for edhblestrates currently used for industrial



bioconversions, such as corn and simple sugarsn(eual., 2013). However, due to the
recalcitrant nature of lignocellulose to enzymatydrolysis, it has not been widely used as an
industrial feedstock (Carroll and Somerville, 200@pnsolidated bioprocessing (CBP) has been
widely discussed as a strategy for improving thieiehcy of converting lignocellulosic biomass
into industrial biochemicals (Brethauer and Stu@6d,4; Kawaguchi et al., 2016; Parisutham et
al., 2014). In CBP enzyme production, enzymatiablydis of lignocellulose and conversion of
resulting sugars to biochemicals occur simultankdnsa single reaction vessel, resulting in
significant potential cost savings (Olson et &@12). One approach for CBP has been to
genetically engineer a single microorganism to poedcellulases and convert sugars into
desired biochemicals. However, the efficiency diutase production, secretion and activity
remains a major obstacle to this approach (den ldaah, 2015; Lambertz et al., 2014).
Additionally, the requirement for tremendous nevor$ of engineering a single microorganism
to produce a new chemical of interest has madeatipsoach difficult from a practical
standpoint. Recently, a number of CBP systems haea designed to combine more than one
microorganism. In these approaches, two or moreamiganisms are cultured together,
typically dividing the tasks of hydrolysis and bieenical production between microbial
specialists. These systems are more modular, atpdifferent chemicals to be produced
without major genetic redesigns. Several groupg lsaxzccessfully designed synthetic consortia-
based CBP strategies for producing ethanol (Brethand Studer, 2014; Goyal et al., 2011; Kim
et al., 2013). A synthetic consortium CBP systesdlao been designed for the production of
isobutanol from lignocellulosic biomass by pairthg cellulolytic fungudrichoderma reesei

with an engineered isobutanol-producksgherichia coli strain (Minty et al., 2013).



For the present work, we designed synthetic fungasortia to produce fumaric and lactic acids
from cellulose and lignocellulosic biomass. Ourfened cellulolytic specialist wak reeseal
because of its extensively documented efficierltilzde enzyme production and conversion of
cellulose into monomeric sugars in minimal medig.(E) (Peterson and Nevalainen, 2012).
Therefore, production specialist candidates wesessed based on efficient bioconversion of
sugars into organic acids in similar minimal meéiactors such as temperature, aeration and
culture conditions were considered for compatsiliinally, production specialists previously
demonstrating the highest yields and titers of migacids were prioritized. Using these criteria,
we selectedrhizopus delemar (fumaric acid) andRhizopus oryzae (lactic acid) as production
specialists for synthetic consortia CBP. In eacliPGRstem, the hydrolysis and production
processes occur simultaneously. Carbon is liberfatead cellulose by cellulase enzymes
produced byf. reesei and the resulting sugars are immediately conventedorganic acids by

the production specialist in the same bio-readta. (1). Our successful design and
implementation of synthetic consortia CBP for pratthn of fumaric and lactic acid represents a
significant step towards establishing a robustsatdie, and modular platform technology for
consortia-based CBP conversion of lignocellulosieriass to a wide variety of biochemicals.

A defined minimal mediunihizopus-Trichoderma co-culture medium (RTco) was formulated to
allow both cellulose hydrolysis and fumaric acidguction without the need for
supplementation with expensive components sucleast gxtracik. delemar switches from
growth to fumaric acid production phase when n#&rog no longer available in culture media
(Ding et al., 2011). Therefore, RTco was formulatgth a nitrogen concentration that is 12.5%
of those commonly used fdr reesel growth and cellulase production (Juhasz et al.52Minty

et al., 2013). Under these conditions, both fumgiexpected to grow until nitrogen becomes



limiting in the production medium, at which poimbgith and cellulase production would cease,
while fumaric acid production begins. Each fundedis was first characterized in monocultures
with the RTco medium. Monocultures Bfreesei grown on 40 g/L microcrystalline cellulose
(MCC) in RTco medium efficiently accumulated glue@s expected (Fig. 2A). Under the
proposed consortia CBP conditions 22 g/L of glugesggoduced from MCC at a productivity of
65 mg/L/h after 336 hours fermentation time. Mortues ofT. reesel were also grown on 20
g/L alkaline pre-treated corn stover (CS) in RTaadimm. The CS utilized is composed of
47.8% and 21.2% of non-soluble glucan and xylawéight, respectively. Glucan and xylan
account for 95% of the carbohydrates in the C®ak observed that 4.4 g/L glucose
accumulated from hydrolysis of the CS, represetit® of the theoretical maximum yield from
glucan, while 0.86 g/L xylose accumulated, représgri5% of the theoretical maximum yield
from xylan. Total sugar productivity was 22 mg/loer the course of 240 houR.delemar
monoculture efficiently consumed 40 g/L glucos®ifco medium (Fig. 2B) to produce 22 g/L
fumaric acid (Fig. 2C), representing a yield of)vi@w and a productivity of 153 mg/L/h. The
theoretical maximum yield of fumaric acid is two le®per mole of glucose upon fixation of
two moles of CQin a reductive carboxylation pathway. By weighg9.grams of fumaric acid
would be produced per gram of glucose. Howeves, ghoduction pathway would not allow for
production of ATP and requires G@xation (Roa Engel et al., 2008). Nitrogen cortcation
controls the tradeoff between cell growth and fumacid production (Ding et al., 2011). With
minimal glucose substrate directed to cell growiblds of up to 0.85 w/w from glucose have
been reported. Consistent with previous observatiath similar fungal strains (Kautola and
Linko, 1989),R. delemar was also capable of utilizing xylose as the sola portion of the

carbon source in RTco medium to produce fumarid,adbeit more slowly than on glucose.



Additionally, R. delemar grown on medium containing mixed glucose and »g/ldsmonstrated
usage of both sugars and accumulation of fumartt(&oy. 2B and C). Results described above
demonstrate the compatibility ®f reesei andR. delemar to be grown together for consolidated
conversion of cellulose to fumaric acid in RTco imeal

The tradeoff between fumaric acid production raie yeld from glucose bR. delemar can be
controlled by nitrogen concentration (Ding et 2011).R. delemar monocultures with high
nitrogen concentrations lead to métedelemar cell growth and higher subsequent production
rates of fumaric acid, but achieve lower final gigelLikewise, in consortium CBP the nitrogen
concentration can also control the amount of cathanis utilized for cell growth versus carbon
directed towards producing fumaric acid. Therefargpgen concentration should be a key
parameter for optimizing the reesei-R. delemar consortium CBP system. To test whether the
proposed fungal consortium could indeed produceafioracid from cellulose and whether
nitrogen can control production dynamics as exgkete monitored consortium performance in
RTco medium with three nitrogen concentrationsrddién concentration variation led to
different culture dynamics and production titeelgiand productivity (Fig. 3). Production
medium with a low 5.88 mM nitrogen concentratioloakd for relatively high amounts of
glucose accumulation (Fig. 3A) and slow fumaricdagmoduction, eventually achieving 0.148
yield by MCC weight and 16.6 mg/L/h productivityidF3B). Comparatively, an intermediate
nitrogen concentration of 11.76 mM led to slowialiglucose accumulation and a decrease in
glucose concentration at later time points, dueotoversion into fumaric acid. Fumaric acid
production under intermediate nitrogen concentrationdition outperformed the other nitrogen
concentrations tested in terms of yield (0.17 byghvg, productivity (31.8 mg/L/h) and titer

(6.87 g/L). In medium with the highest nitrogen centration tested, 23.5 mM, almost no



glucose accumulation was detected, fumaric acidraatation was delayed, and the fumaric
acid yield reached only 0.137 by weight. Theseltesue consistent with a greater proportion of
carbon being allocated for fungal growth under brghitrogen conditions. We note that under
optimal process control only low concentrationgloicose would accumulate, indicating that the
rate of sugar liberation from MCC By reesei closely matches the rate of sugar conversion into
fumaric acid byR. delemar without actually limiting conversion due to sudjaritation.

Promising future work for further engineering tb@nsortium include developing new strategies
to differentially regulate the growth of the twonsortium members. We also designed a lactic
acid-producing consortium CBP system by repla&ndelemar with R. oryzae (NRRL 395) and
carried out initial experiments using the sameogign concentration in TMM mediurbactic

acid titer of 4.4 g/L, representing a 0.11 w/w giahd 16.7 mg/L/h productivity, was achieved
(Fig. 3C). Due to observations that lactic acid rbaydegraded by. reesei (Data not shown),

we did not pursue further characterization of taesortium in the present study.

Next, we investigated consortium performance oalalk pre-treated corn stover (CS).
Lignocellullosic biomass is a complex substrate posed of crystalline cellulose, hemicellulose
and lignin. In addition to these carbon compoundspgen from proteins and other plant
structures is present in all lignocellulosic biosaSince nitrogen concentration controls the flow
of carbon between fungal growth and fumaric ac@tipction, the amount of nitrogen added to
the culture medium must complement the useablegatr derived from the lignocellulosic
biomass substrate. The fungal consortium was sdatte®Tco medium containing 20 g/L of
CS, which is composed of 9.6 g/L and 4.2 g/L otgluand xylan respectively, under three
different nitrogen concentration conditions. Similathe performance on MCC, high nitrogen

conditions led to fast substrate degradation ariceeaessation of fumaric acid production



compared to lower nitrogen conditions (Fig. 4). high nitrogen condition used for these
experiments was 5.88 mM, much lower than in the M@eriments, but led to similar
consortium dynamics. The difference between optmtabgen concentrations using MCC
versus CS substrates are likely due to CS-deriiteaiyen. A previous study showed that
similarly treated corn stover contained 0.6% eleaamtrogen (Kumar et al., 2009), which
would correspond to about 9 mM nitrogen in ourwds. It should be noted, however, only an
unknown fraction of this total nitrogen can be rbelaed by the fungi. 0.69 g/L of fumaric acid
was produced with a yield of 0.05 by weight frortatanitial fermentable carbohydrates. Overall
consortium performance was considerably lower caagpto those for MCC as the carbon
substrate. As observed in numerous previous stuthissreduction in performance is likely due
to inhibitory compounds from the lignocellulosioass (Moreno et al., 2015). Although
delemar is a promising consortium candidate becauseitiefitly converts sugars into fumaric
acid and satisfies our major fungal consortia nemuents, its acid production performance was
low on CS.T. reesai was relatively much more tolerant of the corn st@ubstrate, producing
0.46 w/w yield of glucose from total initial glucaolids and 0.21 w/w yield of xylose from total
initial xylan solids in monoculture (Fig. 2A). Silar to approaches taken for yeast, selection of
Rhizopus strains for lignocellulosic biomass tolerance miaglde more efficient production
(Moreno et al., 2015).

Synthetic consortia were designed to convert ligholosic biomass to fumaric or lactic acids.
Together,T. reesael andR. delemar produced up to 6.87 g/L fumaric acid from 40 g/C®lin a
CBP scheme without expensive supplements suchzgmes or yeast extract. Another
consortium ofT. reesei andR. oryzae demonstrated production of 4.4. g/L lactic acahirMCC.

Additionally, 0.69 g/L fumaric acid was producedngsCS. The rate of substrate hydrolysis was



consistently higher than the rate of conversiosugfars to fumaric acid, suggesting future work
to match the two rates for CBP optimization.
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Materialsand M ethods

Trichoderma reesei strain RaVC was generously provided by Mari Valkooéthe VTT
Technical Institute (Finland) (Valkonen et al., 2D1Rhizopus delemar (NRRL 1526) and
Rhizopus oryzae (NRRL 395) were provided by the ARS culture coliect(United States
Department of Agriculture). Alkaline pre-treatedrtatover was provided by the National
Renewable Energy Laboratory (Golden, CO) with tiik¥ing composition of non-soluble
solids: ash 7.3%, ligin 17.8%, glucan 47.8%, x\24r?%, galactan 1.1%, arabinan 2.5%, acetate
0.1%). Slurry of the material was subjected to waecwn Whatman #1. 1.6 mL deionized water
per gram of slurry was applied to the biomass amdediately removed by vacuum filtration.
The resulting biomass was dried for 48 hours umdeuum.T. reesdl, R. delemar andR. oryzae
spores were generated on potato dextrose agar (RCBY)C for 10 days. Spores were harvested
and stored in 20% glycerol at -8Dindefinitely. Production cultures were grownRhi zopus-
Trichoderma co-culture medium (RTco) (0.5 g/L (NJ4SQy, 0.125 g/L Urea, 0.6 g/L Ca£l0.4
g/L MgSQx7H,0, 0.3 g/L KRHPOy, 44 mg/L ZnSQx7H,0, 10 mg/L FeSX7H,0, 2 mg/L
CoChx6H,0, 1.6 mg/L MnS@x4H,0, 0.0186% Tween-80 (v/v)) unless otherwise ndBtekile
MgSQ,, CaC} and FeS@solutions were added immediately before cultuesisey, yielding the
appropriate final RTco medium concentrations, itheorto prevent precipitatiofirichoderma
Minimal Medium (TMM) (Minty et al., 2013) with a natified 11.76 mM nitrogen concentration

was used for lactic acid productioh.reesel spores from cryostock were inoculated into 10 mL



potato dextrose broth (PDB) and grown for 2 daya0&€ with shaking in a 50 mL conical tube
to generate a pre-culture. Mycelia from the prewcelwere pelleted at 4600xg for 6 minutes and
washed once in nitrogen-free RTco medium. gb@f mycelia resuspended in 10 mL of
nitrogen-free RT-co medium were inoculated inta@5RTco medium with 20 g/L
microcrystalline cellulose (MCC) and grown for Z/dan a 125 mL baffled flask to generate an
adjustment culture. The adjustment culture was tseded production cultures at 1% of total
volume.R. delemar or R. oryzae were seeded from PDA spore slants stored forthess2
months into 100mL RTco medium with 20 g/L glucosd grown for 16 hours in a 500 mL
baffled flask with shaking to generate a pre-celtiycelia from the pre-culture were pelleted
at 4600xg for 6 minutes. Half of the mycelia frame resulting pellet was inoculated into 100
mL fresh RTco medium with 3 g/L glucose and grown3.5 hours in a 500 mL baffled flask
with shaking to generate an adjustment culture.aldjestment culture was used to seed
production cultures at 1% of total volume. Producttultures were grown using 25mL RTco
medium in 125mL baffled flasks at 30 with 225 rpm shaking. Sterilization of the medias
achieved through autoclaving for 15 minutes at’@Glucose, fumaric acid and lactic acid
concentrations were determined by HPLC (Agilent@ith RID-10A detector equipped with a
RezexXx" ROA-Organic Acid H+ (8%) column). All reported {deand productivity values were
calculated from the time point with the highestitor the compound of interest.
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Figure 1. Overview of CBP system for organic acid production. T. reesei and the
production specialist organism are inoculated simultaneously into the production medium.
Starting from a low initial cell density, all processes including cell growth, cellulase
production, cellulose hydrolysis and conversion of sugars into organic acids occur in a
single reaction vessel.



Figure 2. Monocultures exhibit efficient specialist activitiesin RTco medium for mulated

for co-culture. A) Sugar accumulation bly. reesel in two monoculture experiments: glucose
(Black, left y-axis) from 40 g/L MCC; glucose (Blugght y-axis) and xylose (Purple, right y-
axis) from 20 g/L alkaline pretreated corn sto®)R. delemar monoculture can utilize pure
glucose (Black), pure xylose (Red), or a mix ofoglse (Dark green) and xylose (Light green) in
RTco medium. CR. delemar production of fumaric acid from sugar substra@sesponding to
B). Data points in light green represent fumariicl gcoduction from a mix of glucose and

xylose.

Figure 3. CBP conversion of M CC to organic acids by synthetic fungal consortia. A)
Glucose accumulation under low (5.88 mM, Light Geenedium (11.76 mM, Red), and high
(23.5 mM, Black) nitrogen conditions. B) Fumariéchaccumulation with nitrogen
concentrations corresponding to A). Error barseegnt the standard deviation from four
replicates. C) Lactic acid production from 40 g/ICK using a modified fungal consortium.
Glucose accumulation (Blue) and lactic acid accatiuh (Orange) are indicated. Error bars

represent the standard deviation from two replgate

Figure4. Fumaric acid production from alkaline pre-treated cor n stover by fungal
consortium at different nitrogen concentrations. A) Glucose accumulation under zero (Light
Green), low (2.9 mM, Red), and high (5.88 mM, Blea#ided nitrogen conditions. B) Xylose
accumulation with nitrogen concentrations corresipognto A). C) Fumaric acid accumulation

with nitrogen concentrations corresponding to Ajrdgen added as a medium component is



lower for all corn stover conditions in comparigorMCC experiments. Error bars represent the

standard deviation of 4 replicates.
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