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Consolidated bioprocessing of lignocellulose by a
microbial consortium†

Simone Brethauer‡ and Michael Hanspeter Studer‡*

Lignocellulosic biomass is uniquely suited as a sustainable feedstock for the biotechnological production of

alternative fuels and chemicals. However, due to the biomass recalcitrance, the enzymatic conversion

process is complex and needs to be simplified. To this end, we developed a process, which allows the

consolidated bioprocessing of lignocellulose to ethanol in a single multi-species biofilm membrane

reactor featuring both aerobic and anaerobic conditions necessary for the simultaneous fungal

cellulolytic enzyme production and alcoholic yeast fermentation of the hydrolysis-derived sugars. The

general feasibility of the concept was successfully demonstrated by producing ethanol with a 67% yield

from undetoxified whole slurry dilute acid pretreated wheat straw by the combined action of

Trichoderma reesei, Saccharomyces cerevisiae and Scheffersomyces stipitis. The results achieved

underscore the potential of the process as a versatile cheap sugar platform for the production of fuels

and chemicals based on lignocellulosic biomass by specifically compiled consortia of industrially proven

robust microorganisms.
Broader context

Biofuels made from lignocellulosic biomass have the potential to be useful elements in the overall approach to tackle the issues of climate change and
sustainable energy supply. However, this potential can only be unlocked if they are cost competitive to petroleum and starch and sucrose based biofuels. For the
biochemical conversion route comprising the three main steps of physicochemical pretreatment, enzymatic hydrolysis and fermentation, the following
objectives have to be addressed: (i) development of an integrated process without washing and detoxication steps, (ii) reduction of cellulase costs, (iii)
improving hexose and pentose sugar co-utilization, and (iv) overcoming the plants' recalcitrance. As an alternative to employing one genetically engineered
superior biocatalyst capable of both degrading biomass and producing biofuel for consolidated bioprocessing (CBP), we present in this paper a novel microbial
consortium based approach to tackle issues (i) to (iii). We developed a membrane biolm reactor, which, as a unique feature, enables the coexistence of aerobic
and anaerobic conditions at the same time. This allows the coexistence of the two common “workhorses” of the cellulosic ethanol industry in one system: the
aerobic hydrolytic enzyme producing fungus Trichoderma reesei and the anaerobic ethanol producing yeast Saccharomyces cerevisiae.
Introduction

Lignocellulosic biomass such as wood, agricultural residues or
dedicated energy crops constitutes the most abundant renew-
able organic compound in the biosphere.1 It is a promising
source of mixed sugars for fermentation to biofuels and chem-
icals thereby reducing today's addiction to petroleum with its
associated issues such as global warming, greenhouse gas
emissions and uncertain sources.2 The biochemical route from
lignocellulose to the product of choice comprises three main
steps: physicochemical pretreatment, enzymatic hydrolysis of
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the sugar polymers and the fermentation of the derived sugars.3,4

Due to the released toxins during pretreatment and the diffi-
culties of the simultaneous fermentation of C5 and C6 sugars,
the overall process is complemented by several solid–liquid
separation, washing and polishing steps (Fig. 1).5 To reduce
capital and processing costs, simplication of the process
scheme and integration of as many unit operations as possible,
oen termed as consolidated bioprocessing (CBP), is necessary.6

The biological approach to CBP employs one genetically engi-
neered superior biocatalyst capable of both degrading the
biomass and producing biofuels.7 Although considerable prog-
ress has been made in recent years by engineering several hosts
to produce a range of different biofuels from lignocellulose,8–10

most studies have a proof of concept character with low titers
achieved from model celluloses (Table 1) and currently no
commercially viable CBP organism has been reported.11

Alternatively, CBP could also be performed by a microbial
consortium as it is usually the case in nature, e.g. in the soil or
in the digestive tracts of termites or ruminant animals.12–14 In
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Block diagram of biotechnological ethanol production from
lignocellulosic biomass. Integration possibilities are shown inside the
boxes: CF, co-fermentation; SSF, simultaneous saccharification and
fermentation; SScF, simultaneous saccharification and co-fermenta-
tion; CBP, consolidated bioprocessing; MBM, multi-species biofilm
membrane process.
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consortia, synergies may exist that can result in more efficient
substrate utilization and increased product yield.13 Further-
more, the oen encountered loss of overall capacity and
robustness of the biocatalyst due to the importation of genes for
exogenous functions can be avoided by a combination of
specialized natural strains.12 Despite these advantages, the
application of mixed cultures is an underexplored option.15

Anticipated challenges are control of the consortium as well as
difficulties to nd matching fermentation conditions for all
involved strains. A consortium for the direct production of
Table 1 Summary of the reported performance of some natural and en

Strain
Substrate, substrate
concentration [g L�1]

S. cerevisiae Y294[CEL5] Phosphoric acid swollen
S. cerevisiae MNII/cocdBEC3 PASC, 10

Hot water pretreated rice
E. coli LY01/pRE1H-AEB PASC, 10

Dilute sulfuric acid pretre
1 (glucose equivalent)

C. cellulolyticum ldh/mdh Avicel, 10
Dilute sulfuric acid pretre

C. thermocellum M1570 Avicel, 40
C. thermocellum M1570 and
T. saccharolyticum ALK2 (co-culture)

Avicel, 92.2

C. phytofermentas Ammonia ber expansion
corn stover, 5 (glucan equ

F. oxysporum F3 Wet-exploded wheat straw
T. hirsuta Ball milled rice straw, 20
B. subtilis X27(pBscel5-MT2C) Regenerated amorphous

7 (glucose equivalent)
C. cellulolyticum H10 kivd yqhD alsS ilvCD Avicel, 10
E. coli (co-culture of cellulose- and
xylan-consuming strains)

Ionic liquid (IL) pretreate
IL pretreated switchgrass
IL pretreated switchgrass

F. succinogens S85 Steamed orange peel, 60

This journal is © The Royal Society of Chemistry 2014
ethanol from lignocelluosic biomass may consist of a strain
producing the cellulolytic enzymes, a strain fermenting hexoses
to ethanol and a strain converting the C5 sugars to ethanol.
Industrial cellulase production relies mainly on fungal strains
belonging to Trichoderma or Aspergillus species, which require
aerobic conditions for efficient enzyme secretion.16 The yeast
Saccharomyces cerevisiae is commonly applied for ethanol
production from glucose or sucrose, however giving high
product yields only under anaerobic conditions.17 Schefferso-
myces (formerly Pichia) stipitis is one of the best natural pentose
utilizing organisms and most efficiently produces ethanol
under microaerophilic conditions.18,19 Thus for efficient CPB
with the mentioned strains, a bioreactor enabling simultaneous
aerobic and anaerobic conditions is needed. To this end, we
developed a process concept based on locally dened aeration
through a membrane (Fig. 2). A dense oxygen permeable
membrane serves as a growth basis for different microorgan-
isms, where they form a biolm. Oxygen necessary for the
growth of the fungi and the secretion of cellulolytic enzymes is
only delivered from the gas-phase through the membrane,
which causes an oxygen gradient within the biolm. The oxygen
saturated zone is located directly on the membrane, whereas
the upper part of the biolm as well as the liquid bulk phase
including the biomass are oxygen depleted. The extracellular
enzymes secreted in the aerobic part of the biolm are released
into the fermentation slurry and hydrolyse the hemicellulose
and cellulose in the biomass to mono-sugars. These sugars are
then primarily fermented by the faster growing yeast cells to
ethanol in the anaerobic zones of the reactor. Part of the ethanol
diffuses through the membrane into the gas phase.

Besides the unique oxygen prole, the proposed reactor
concept offers an additional advantage of immobilization of the
gineered CBP strains to directly ferment cellulosic substrates

Product, product
concentration [g L�1] References

cellulose (PASC), 10 Ethanol, 1 21
Ethanol, 7.6 22

straw, 100 Ethanol, 7.5
Ethanol, 3.6 23

ated corn stover, Ethanol, 0.3

Ethanol, 2.65 10
ated switchgrass, 10 Ethanol, 1.3

Ethanol, 14 24
Ethanol, 38.1

(AFEX) pretreated
ivalent)

Ethanol, 2.8 25

, 110 Ethanol, 4.9 26
Ethanol, 3.4 27

cellulose, Lactate, 4.1 28

Isobutanol, 0.66 29
d switchgrass, 33 Butanol, 0.028 8
, 55 Fatty acid ethyl esters, 0.071
, 39 Pinene, 0.0017

Succinic acid, 1.9 30

Energy Environ. Sci., 2014, 7, 1446–1453 | 1447
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Fig. 2 Concept of the multispecies biofilm membrane reactor. The
aerobic, enzyme producing fungi grow directly on the membrane,
throughwhich oxygen is supplied. The released enzymes hydrolyze the
carbohydrate fraction of the lignocellulosic biomass to soluble sugars,
which are metabolized by the ethanol fermenting microorganisms in
the anaerobic parts of the reactor. The likely oxygen concentration in
the reactor is depicted in the graph on the right hand side.
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microbial cells in a biolm. The biolm growth mode is asso-
ciated with increased microbial resistance against toxic
substances, reduced cell biomass production and higher
productivity.20
Results and discussion
Batch consolidated bioprocesssing of Avicel to ethanol

For the implementation of the concept we modied commer-
cially available ltration modules to obtain 16 and 32 mL batch
reactors with a vertically installed silicone membrane separating
Fig. 3 Consolidated bioprocessing of microcrystalline cellulose to ethan
a two layered biofilm consisting of the T. reesei biofilm directly on the
bioprocessing of Avicel to ethanol in theMBM reactor. 17.5 g L�1 Avicel we
times of inoculation with S. cerevisiae were tested: at inoculation with
corresponds to the point of inoculation with T. reesei cells. The total e
concentration in the liquidphase (dashed line) and in the gas phase recal
line) are shown. The yield is calculated based on the total amount of ca

1448 | Energy Environ. Sci., 2014, 7, 1446–1453
the magnetically stirred fermentation compartment and the gas
room. The gas compartment was constantly ushed with air and
the off-gas was sent to an online gas chromatograph to quantify
the ethanol leaving the system via the membrane.

We used Avicel – a pure microcrystalline cellulose – as the
sole carbon source to prove the feasibility of the concept. We
rst tested three different inoculation schemes. All reactors
containing nutrient medium with 17.5 g L�1 Avicel were inoc-
ulated with the cellulolytic enzyme production strain Tricho-
derma reesei Rut C30. The ethanol producing yeast S. cerevisiae
was added at three different time points: either directly together
with the fungi, or 2 and 4 days aer fungal inoculation,
respectively. In all three inoculation schemes a layered biolm
was formed on the membrane (Fig. 3a) and a similar maximum
ethanol concentration of 7.2 g L�1 was reached (Fig. 3b). This
corresponds to a yield of 73% based on the total cellulose added
to the system, thus including the substrate consumed for fungal
growth and cellulase production. In all three cases the
maximum ethanol concentration was reached 7 days aer
fungal inoculation. It is also worth noting that the glucose
liberation by cellulose hydrolysis exceeded the glucose demand
of T. reesei: aer 2 and 4 days cultivation of only T. reesei,
glucose concentrations of 1.8 and 5.3 g L�1, respectively, were
measured in the supernatant. The fact, that the system worked
if yeast and fungi, which both thrive under aerobic conditions,
are inoculated together, showed the intriguing self-organiza-
tional ability of the co-culture. It also proved that T. reesei is able
to produce cellulolytic enzymes in the presence of yeast cells
although they consume most of the sugars.

It should also be mentioned that b-glucosidase was added to
the above described reactions as this enzyme is generally
ol in the MBM reactor. (a) The picture shows a membrane covered with
membrane and the S. cerevisiae biofilm on top of it. (b) Consolidated
re added to theMBM reactors together with T. reesei cells and different
T. reesei (B), 2 days (D) and 4 days after inoculation (,). t ¼ 0 h
thanol concentration (solid line with markers) as well as the ethanol
culated to the corresponding concentration in the liquid phase (dotted
rbon source available at the inoculation with fungal cells.

This journal is © The Royal Society of Chemistry 2014
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produced only in limited amounts by T. reesei Rut C30.31,32

b-glucosidase cleaves cellobiose to glucose, thereby circum-
venting the inhibition of cellulose hydrolysis by cellobiose.
However, b-glucosidase has no signicant cellulolytic activity.
This was demonstrated in a blank experiment where only
b-glucosidase is added to a mixture of Avicel and S. cerevisiae.
Up to 142 h no ethanol was produced (Fig. S1†).

The employed silicone membrane is not only permeable for
oxygen, but also for ethanol and water. Thus, we always quan-
tied the distribution of ethanol between the gas and the liquid
phase and calculated the total ethanol concentration. A
complete dataset of the ethanol distribution is depicted in
Fig. 3b. At the end of the experiment with concomitant inocu-
lation, 79% of ethanol was separated from the liquid phase by
diffusion through the membrane into the gas phase. If it were
recovered completely from the gas phase together with the co-
diffusing water (0.0375 g h�1 employing dry air), a solution
containing 19.4 g L�1 ethanol would be obtained, which is 2.7
times higher compared to the theoretical nal titer of 7.2 g L�1

ethanol without diffusion. Complete pre-separation and
enrichment of ethanol is very favourable for the further down-
stream processing, as the costs and energy requirement for
distillation decrease exponentially with increasing input
ethanol concentration.33 The in situ product removal also
circumvents cell toxic or enzyme inhibitory effects of high
concentrations of ethanol and might become important if a
more toxic product such as butanol is produced.
Semi-continuous fermentation of Avicel to ethanol

To investigate the long-term stability of the system, we per-
formed a semi-continuous experimental run: aer a batch
phase of 69 h, 25% of the contents of the 16 mL reactor were
Fig. 4 Semi-continuous ethanol production from Avicel in a 16 mL
MBM reactor: after a batch phase of 69 h, the Avicel concentration was
adjusted to 10 g L�1 and every 24 h a quarter of the reaction phase was
exchanged against a fresh medium containing 10 g L�1 Avicel. The
ethanol concentration in the liquid phase (dashed line), the ethanol
concentration in the gas phase (dotted line), the cellulase activity (C)
and the cumulated total ethanol production during the semi-contin-
uous phase (solid line) are shown.

This journal is © The Royal Society of Chemistry 2014
exchanged against fresh fermentation medium every 24 h. Over
7 cycles a steady ethanol production rate could be achieved,
showing that the fungal biolm continuously secretes cellulo-
lytic enzymes, and that the yeast continuously produces ethanol
(Fig. 4). This is also reected by the measurement of the cellu-
lase activity in the fermentation supernatant, which uctuates
around a value of 0.18 FPU mL�1, but clearly does not show a
constant decrease as it would be expected if there was no
enzyme production (Fig. 4).
Fermentation of dilute acid pretreated wheat straw

Aer proong the general feasibility of the MBM concept with
the medium containing only Avicel, we switched to dilute acid
pretreated wheat straw as the carbon source to get rst insights
into which level of process integration could be achieved, i.e.
can the solid liquid separation, washing and detoxication
steps be avoided when using a biolm based system. Further-
more, the xylose fermenting strain S. stipitis was added to the
consortium. We directly used the wheat straw slurry obtained
aer dilute sulfuric acid pretreatment, titrated it with sodium
hydroxide to pH 5.0 and diluted it by a factor of approximately
1.5 to obtain a cellulose concentration of 17.5 g L�1. To estimate
the inhibitory characteristics of the hydrolysate, we also used
washed pretreated wheat straw supplemented with the same
concentration of xylose as present in the whole slurry experi-
ment. Also, we compared the performance of the MBM system
to shake ask based simultaneous saccharication and co-
fermentation (SScF) using commercially available cellulase and
the same yeast strains. In SScF with a co-culture of S. cerevisiae
and S. stipitis, a higher ethanol yield (41%) was achieved with
the washed substrate supplemented with xylose compared to
the whole slurry (38%), where also more xylose remained
unmetabolized (4.6 versus 2.1 g L�1, Fig. 5a). This suggests that
S. stipitis is inhibited by substances in the pretreatment slurry
although it is still able to grow. In the MBM system maximum
ethanol titers of 9.8 g L�1 (69%) for the whole slurry fermen-
tation and 9.1 g L�1 (63%) for the washed wheat straw
fermentation were reached (Fig. 5b). Xylose is consumed
completely during 144 h of fermentation and the consumption
rate is only slightly lower in the whole slurry fermentation. In
the MBM system, T. reesei and S. stipitis compete for the avail-
able xylose, which can be metabolized by both strains. In the
washed substrate experiment, the higher xylose consumption
rate in the MBM system compared to SScF can thus also be
explained by xylose consumption through T. reesei. However,
the higher ethanol yield indicates that S. stipitis metabolizes
most of the xylose despite its comparably low sugar consump-
tion rate.34 It is also possible, that S. stipitis occupied the
microaerobic position in the biolm and thus found better
fermentation conditions in the MBM reactor. For the whole
slurry experiment, it is difficult to deduce whether the reason
for the lower inhibition of S. stipitis in the MBM system is the
protective effect of the biolm growth form or the possible
detoxication of the pretreatment slurry by the growing fungi.35

In contrast to a mixture of Avicel and xylose as substrates where
identical yields were achieved (see Fig. S2†), pretreated wheat
Energy Environ. Sci., 2014, 7, 1446–1453 | 1449
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Fig. 5 Commercial enzyme based SScF and consolidated bioprocessing of dilute acid pretreated wheat straw to ethanol. The xylose (,) and
total ethanol (B) concentrations are shown. (a) Commercial enzyme based SScF. Whole slurry dilute acid pretreated wheat straw (solid line) and
xylose supplemented washed solids of dilute acid pretreated wheat straw (dashed line) containing 17.5 g L�1 cellulose were converted to ethanol
employing a cellulase loading of 15 FPU gcellulose

�1 and a co-culture of S. cerevisiae and S. stipitis. (b) Consolidated bioprocessing of dilute acid
pretreated wheat straw to ethanol in the MBM system employing T. reesei, S. cerevisiae and S. stipitis. Whole slurry dilute acid pretreated wheat
straw (solid line) and xylose supplementedwashed solids of dilute acid pretreatedwheat straw (dashed line) initially containing 17.5 g L�1 cellulose
were converted to ethanol after addition of yeast cells at day four after fungal inoculation. t ¼ 0 designates the inoculation with yeast, the fungi-
only phase is not shown.
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straw was utilized more efficiently in the MBM system than in
SScF. It is possible that the multi-enzyme cocktail produced by
T. reesei is superior for wheat straw digestion as the enzyme
production substrate has an inuence on the later hydrolytic
performance.36,37 This can be explained by a transcriptomic
response of the fungus to the substrate as has been recently
demonstrated by Bischof et al.38
Discussion

The results presented demonstrate the feasibility of the MBM
process. The unique feature of combining aerobic and anaer-
obic conditions in one reactor distinguishes the system from
other consortia based CBP approaches. Zuroff et al. combined
the obligate anaerobic cellulolytic strain Clostridium phyto-
fermentans and the facultative anaerobic ethanologenic S. cer-
evisiae cdt-1. Under controlled oxygen delivery a stable
symbiotic relationship could be established with the yeast
protecting C. phytofermentas from introduced oxygen in return
for soluble sugars. However, the hydrolytic capacity of the
system was limited. Thus, endoglucanase was added to the
consortium that then produced 22 g L�1 ethanol from 100 g L�1

a-cellulose in 400 h. A similar S. cerevisiae cdt-1 monoculture
produced only 9 g L�1 ethanol.39 In contrast Minty et al. used a
completely aerobic system consisting of T. reesei Rut C30 and a
recombinant Escherichia coli which produced 1.88 g L�1 iso-
propanol from 20 g L�1 pretreated corn stover in 300 h. The total
carbohydrate conversion amounted to approximately 50%.40

Taken together, the MBM system compares very well with these
data as higher conversions and yields have been achieved in
shorter runtimes. In order to further advance the MBM system,
the addition of b-glucosidase should be circumvented. One
possible strategy to this end would be the application of a more
complete cellulase producer or the enhancement of the
1450 | Energy Environ. Sci., 2014, 7, 1446–1453
consisting consortium with a b-glucosidase producing strain.
Alternatively, also the ethanologenic strain could be exchanged
to one with a broader substrate spectrum, such as Dekkera
bruxxelensis which is able to convert cellobiose to ethanol.41 In
this case, the addition of b-glucosidase is unnecessary which
has been demonstrated by the achievement of identical
fermentation kinetics and ethanol yields as in the b-glucosidase
supported control with S. cerevisiae (Fig. S3†).

Furthermore, a continuous and upscaledMBMprocess needs
to be developed. For a larger scale version of the process we
envision a change from the at sheet membrane to a tubular
membrane, which is ushed with air and can be submerged in a
standard stirred tank reactor. Similar reactors were applied in
cell cultivation or for waste water nitrication/denitrication.42,43
Experimental
Strains, media and inoculum preparation

Trichoderma reesei Rut C30 (ATCC 56765, IHEM 5652) was
purchased from the Scientic Institute of Public Health, BCCM/
IHEM (Brussels, Belgium) as freeze dried spores and was
revived according to the instructions. Spores from a 7 day old
potato dextrose agar plant culture (Beckton, Dickinson and
Company, Le Pont de Claix, France) incubated at 28 �C were
suspended in 5 mL water, mixed with an equal volume of 40%
glycerol and were stored at �80 �C. For precultures, 50 mL
Mandels medium containing 7.5 g L�1 Avicel (Sigma Aldrich,
Buchs, Switzerland) were inoculated with 1 mL of the above
described glycerol stocks and incubated in 500 mL Erlenmeyer
asks for 4 days at 28 �C and 200 rpm. Mandels medium con-
tained the following ingredients (in g L�1): KH2PO4, 2;
(NH4)2SO4, 1.4; MgSO4$7H2O, 0.3; CaCl2$6H2O, 0.4; urea, 0.3;
peptone, 0.75; yeast extract, 0.25; and 1 mL L�1 trace element
stock. The trace element stock contained (in g L�1):
This journal is © The Royal Society of Chemistry 2014
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FeSO4$7H2O, 5; MnSO4$H2O, 1.6; ZnSO4$7H2O, 1.4; CoCl2$6
H2O, 3.7 and 10mL L�1 concentrated hydrochloric acid and was
sterile ltered. To avoid precipitation, 100� CaCl2 and MgSO4

solutions were autoclaved separately before combining them
with the remaining ingredients, called Mandels base medium,
below.

For Saccharomyces cerevisiae (VTT C-79095) precultures,
30 mL of YPD medium (in g L�1: yeast extract, 10; peptone, 20;
dextrose, 10) were inoculated with 0.3 mL of 20% glycerol stocks
and incubated overnight in 250 mL Erlenmeyer asks at 28 �C
and 200 rpm. Scheffersomyces stipitis (VTT C-07806T) was
cultured similarly but using YM medium containing (in g L�1):
yeast extract, 3; malt extract, 3; peptone, 5 and dextrose, 10.
Feedstock and pretreatment method

Wheat straw was harvested and baled in 2010 and was obtained
from the Brethauer farm (Bad Gandersheim, Germany). It had a
dry matter content of 94.4% and contained 22.0% xylan, 35.9%
glucan and 22.0% lignin on a dry basis as determined by
quantitative saccharication.44 The straw was reduced in size
with a cutting mill (Retsch SM100, Retsch GmbH, Haan, Ger-
many) equipped with a bottom screen (2 mm trapezoid holes)
and sieved to a fraction containing particles between 0.18 and
0.5 mm of size. Particles larger than 0.5 mm were reground
through a 0.5 mm bottom screen and sieved again. The frac-
tions containing particles between 0.18 and 0.5 mm of size were
combined and subjected to pretreatment.

Pretreatment was carried out at 140 �C for 20.5 min with a
wheat straw loading of 7.5% w/w and a sulfuric acid concen-
tration of 1% w/w (based on the total liquid in the reactor) in an
electrically heated high pressure 300 mL autoclave made of
titanium (Premex reactor AG, Lengnau, Switzerland). Aer
pretreatment, the slurry was titrated to pH 5.0 with 50% NaOH
solution and contained 29 g L�1 glucan (27 g L�1 thereof in the
solid phase) and 22 g L�1 xylose (18.5 g L�1 in the liquid phase).
Optionally, the pretreated wheat straw was washed three times
by centrifugation, decantation and resuspension in deionized
water to the original weight.
MBM reactor

The membrane bioreactors were adapted from commercially
available reusable polysulfone lter units (300–4000, Nalgene,
Rochester, NY, USA). A circular (50 mm diameter), dense poly-
dimethylsiloxane (PDMS) membrane with a thickness of 50 mm
(OPV-2551s-30n, CM-CELFA, Schwyz, Switzerland) was installed
vertically, which separated the reaction phase and the gas
phase. Custommade polysulfone inserts reduced the volume of
the magnetically stirred liquid phase to 16 and 32 mL, respec-
tively. The gas compartment was ushed with humidied air
with a ow rate of 30 mL min�1 controlled by a mass ow
controller (red-y compact, Vögtlin Instruments AG, Aesch,
Switzerland). The off-gas was sent via a heated transfer line
(35 �C) to a custom-made autosampler rack and was analyzed
every 6 h for its ethanol content by gas chromatography. The
membrane reactor was placed in an incubator with a
This journal is © The Royal Society of Chemistry 2014
temperature of 28 �C. Liquid samples were withdrawn under
sterile, well-mixed conditions through 14 gauge stainless steel
needles.

Batch membrane reactor fermentations

For batch membrane reactor fermentations, the 32 mL reactor
was lled with Mandels base medium containing 17.5 g L�1

Avicel and autoclaved for 20 min at 121 �C. The remaining
medium ingredients were added and the reactor was inoculated
with 5% v/v T. reesei preculture. The specied yeast strains
(S. cerevisiae and S. stipitis) were inoculated 0 to 96 h aer fungal
inoculation to an optical density at 600 nm (OD600) of 0.5 for
each strain. Together with the yeast, corn steep liquor and
b-glucosidase (Novozymes 188, Novozymes, Denmark) were
added. The nal concentration of corn steep liquor was 3 g L�1

and b-glucosidase activity was 30 CBU gglucan
�1. The time of

yeast inoculation is stated in the main text.

Semicontinuous conversion of Avicel to ethanol

In a 16 mL reactor, T. reesei was grown on Mandels medium
containing 7.5 g L�1 Avicel as a carbon source for 4 days. Then,
similar to the above described method, yeast cells, corn steep
liquor and b-glucosidase were added together with 10 g L�1

Avicel. Aer a batch phase of 69 h the Avicel concentration was
readjusted to 10 g L�1 and then every 24 h a quarter of the
reaction phase was exchanged against fresh Mandels medium
containing 10 g L�1 Avicel, 3 g L�1 corn steep liquor and
b-glucosidase (30 CBU gcellulose

�1). Ethanol concentration in the
liquid phase was measured by HPLC before the medium
exchange and was calculated based on the dilution aer the
exchange.

Simultaneous saccharication and co-fermentation

Simultaneous saccharication and co-fermentation experi-
ments were performed in 125 mL Erlenmeyer asks that con-
tained a total reaction mass of 25 g and were placed on a
shaking incubator featuring a throw of 25 mm (Minitron,
Infors-HT, Bottmingen, Switzerland) that rotated at 150 rpm at
28 �C. The asks were closed using screw caps with apertures
together with PTFE-lined silicone septa and vented through 20-
gauge needles (VWR, Dietikon, Switzerland) covered with
aluminum foil. An enzyme loading of 15 FPU gglucan

�1 and
30 CBU gglucan

�1 was applied using Spezyme CP cellulase
(Genencor International, B.V., Leiden, Netherlands) and
Novozymes 188. Otherwise the conditions were identical to the
MBM experiments with regard to medium, substrate concen-
tration and microorganisms.

Analytical methods

Ethanol, glucose, xylose and cellobiose in the liquid phase were
quantied by high performance liquid chromatography (Waters
2695 Separation Module, Waters Corporation, Milford, MA,
USA) using an Aminex HPX-87H column (Bio-Rad, Hercules, CA,
USA) at 60 �C with 5 mM H2SO4 as the mobile phase and a
refractive index detector (Waters 410). Ethanol in the gas phase
Energy Environ. Sci., 2014, 7, 1446–1453 | 1451
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was determined by gas chromatography (Varian V3800, Varian
Analytical Instruments, Walnut Creek, CA, USA, now Agilent
Technologies Inc.) using a Zebron ZB-624 column (Pheno-
menex, Torrance, CA, USA) heated to 40 �C and a ame ioni-
zation detector set to 200 �C. Nitrogen owing at 5 mL min�1

was used as a carrier gas and the split rate was set to 20. For
calibration, nitrogen supplemented with 470 ppm ethanol
(PanGas AG, Dagmersellen, Switzerland) was employed.

Cellulase activity expressed in lter paper units (FPU) was
measured according to Ghose.45
Conclusions

Taken together, the results presented herein demonstrate the
unique potential of the MBM process as high ethanol yields and
titers of up to 10 g L�1 could be achieved from undetoxied
dilute acid pretreated wheat straw slurry although further opti-
mization work regarding e.g. themedia or themicroorganisms is
pending. Industrially proven robust microorganisms for cellu-
lase production and anaerobic sugar fermentation could be
combined using MBM technology to produce a wide range of
cellulosic chemicals. Furthermore, the current achievements in
heterologous biofuel production based on soluble sugars46,47

could bemoved efficiently to themore advanced cellulosic stage,
especially as the biolm growth modus is presumably very
benecial for the less robust engineered organisms.
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