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The cellulosome, a multi-subunit protein complex catalyzing cellulose degradation in cellulolytic
Clostridium thermocellum, plays a crucial role in Consolidated Bioprocessing (CBP) of lignocellulose into
ethanol. Here, activity of cellulosome was tested under varying concentrations of chemical compounds
derived from lignocellulose pretreatment and fermentation. We found that, firstly, the cellulolytic activ-
ity of cellulosome was actually promoted by formate, acetate and lactate; secondly, cellulosome was tol-
erant up to 5 mM furfural, 50 mM p-hydroxybenzoic acid and 1 mM catechol. Furthermore, the
cellulosome exhibited higher ethanol tolerance and thermostability than commercialized fungal (Tricho-
derma reesei) cellulase. To probe the implication of these unique enzyme-features, C. thermocellum JYT01
was cultured under conditions optimal for cellulosome activity. This CBP system yielded 491 mM etha-
nol, the highest level reported thus far for C. thermocellum monocultures. These findings demonstrate
the potential advantages of bacterial cellulosome, and provide a novel strategy for design, selection
and optimization of the cellulosome–ethanologen partnership.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Global warming, energy crisis and health concerns have de-
manded novel sustainable and renewable substitutes for petro-
leum-based liquid fuels (Hill et al., 2009). Cellulosic ethanol, one
kind of renewable biofuels, has been regarded as a potential solu-
tion due to the reduced emission of greenhouse gas, lower toxicity,
higher octane rating, greater combustion efficiency and wide avail-
ability of inexpensive substrates (Demain et al., 2005). Production
of cellulosic biofuels generally starts with pretreatment of lignocel-
lulose, followed by cellulose/hemicellulose hydrolysis and then fer-
mentation of the liberated ‘‘sugar” (including oligo-, di- and
monosaccharides). Consolidated Bioprocessing (CBP), which simul-
taneously combines efficient lignocellulosic biomass hydrolysis,
unbiased utilization of the full-spectrum of the liberated sugars,
and robust ethanolic fermentation in one bioreactor, has proven,
in theory, to be feasible in energy conversion and be crucial in
reducing biological processing costs (Lynd et al., 2008). However,
no ‘‘CBP-organisms”, that singularly combine all these features,
have been identified in nature. Among the potential CBP-organisms,
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ax: +86 532 8066 2654.
ax: +86 532 8066 2654.
jian@qibebt.ac.cn (J. Xu).
thermophilic bacteria as a group have attracted increasing atten-
tion since they are cellulolytic and ethanologenic under thermo-
philic conditions (Farrell et al., 2006; Georgieva et al., 2008; Shaw
et al., 2008).

For instance, Clostridium thermocellum, a gram-positive, anaero-
bic and thermophilic bacterium, has been regarded as one poten-
tial CBP-organism due to its robust growth on crystalline
cellulose (Lynd et al., 2002). However, intrinsic characteristics of
C. thermocellum limit its immediate and direct applications in
industrial ethanologenesis from cellulose. Growth of C. thermocel-
lum is slowed down by ethanol at concentrations greater than 2%
(v/v) (Herrero and Gomez, 1980), although laboratory-evolved
strains viable in up to 8% (v/v) ethanol were reported (Rani and
Seenayya, 1999). Furthermore, studies showed that ethanol and
hydrogen production using C. thermocellum consistently suffered
from low carbon-loading (less than 2% w/v) (Lynd and Grethlein,
1987; Lynd et al., 1989; Zhang and Lynd, 2005).

The ‘‘cellulose degradation and sugar release” is typically the
rate-limiting step in cellulosic ethanol production. ‘‘Cellulosome’’,
found in many thermophilic and mesophilic cellulose-degraders
in nature including C. thermocellum (Demain et al., 2005), is the
cellulase complex underlying cellulose degradation and sugar
release in these organisms. Thus, system efficiency could poten-
tially be improved by maximizing cellulosome activity and/or cre-
ating the synergy between cellulosome-based cellulolysis and the
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consequential sugar fermentation. However, it is unclear what the
optimal conditions for cellulosome activity are under a CBP scheme.
Optimal conditions for host cell growth do not necessarily match
those for the enzymes produced. For instance, the cellulase of the
mesophilic Trichoderma reesei is secreted at 30 �C, while exhibits
its maximal enzymatic activity at 50 �C (Xia and Shen, 2004). Fur-
thermore, during pretreatment of lignocellulose, a significant
amount of compounds from side-reactions are released (Galbe
and Zacchi, 2007; Liu et al., 2004) and are inhibitory to growth of
fermenting cells (Klinke et al., 2003, 2004, 2001). These ‘‘pretreat-
ment-derived inhibitors” are major barriers to an efficient CBP
scheme due to the additional, generally prohibitive costs associated
with their removal. Therefore, prospecting and construction of a
CBP-organism in general, and engineering of promising contenders
such as C. thermocellum, both demand a rigorous assessment of cell-
ulosome activity in the CBP environment.

This study identified optimal enzymatic conditions for isolated
cellulosomes and investigated the resistance of cellulosome to the
pretreatment-derived and fermentation-produced compounds
found in a CBP scheme. Furthermore, the experimentally estab-
lished conditions were applied to C. thermocellum cultures to test
whether conditions conducive for cellulosome activity were com-
patible with those for robust cellulose degradation and ethanol fer-
mentation. Surprisingly, our results yielded the highest ethanol
titer ever reported in C. thermocellum.
2. Methods

2.1. Material

All chemicals were purchased from Merck, Roche, USP, Amere-
sco or Sigma at the highest purity available. C. thermocellum JYT01,
tolerating up to 3% (w/v) ethanol, is a derivative of C. thermocellum
LQRI, kindly provided by Prof. Jizhong Zhou, University of Okalaho-
ma, USA. C. thermocellum JYT01 was grown anaerobically in GS-2
medium (Johnson et al., 1981). The commercial cellulase
(LS002610, Worthington Biochemical Corp., USA, hereafter referred
to as ‘‘the cellulase”) derived from the fungus T. reesei was used as a
reference in all experiments. Microcrystalline cellulose was Avicel
PH 101 (particle size �50 lm) from Sigma.
2.2. Cellulosome preparation and enzyme activity measurement

Cellulosome was extracted from C. thermocellum according to
the method described (Morag et al., 1992). Protein concentration
was measured by the Bradford assay kit (Bio-rad) to maintain the
batch-to-batch consistency of cellulosome.

To identify the optimal pH enabling maximal sugar release,
0.04 mg cellulosomes were added to 10 mg/ml Avicel crystalline
cellulose in 1 ml GS-2 buffer (11 mM KH2PO4, 16.7 mM K2HPO4,
50 mM MOPS, 10 mM sodium citrate) with pH ranging from 4 to
10 (Macarron et al., 1993). Cellulose degradation reactions were
incubated at 50 �C for 8 h (Boer and Koivula, 2003; Johnson et al.,
1982). The enzyme activity in the first 8 h, in which the initial reac-
tion rate could be modeled by Michaelis–Menten equation (Lee
and Fan, 1983), was evaluated throughout this study (unless indi-
cated otherwise).

To identify the optimal temperature enabling maximal sugar re-
lease, 0.04 mg cellulosomes were added to 10 mg/ml Avicel crys-
talline cellulose in 1 ml GS-2 buffer. The pH of the solution was
6.5, which was determined in pH experiments enabling maximal
sugar release. The cellulase was incubated in GS-2 buffer in the
same manner with the exception that the solution was buffered
to pH 5.0, which was experimentally determined to induce maxi-
mal sugar release for cellulase. The reactions were incubated at
temperatures ranging from 4 to 80 �C for 8 h.

The definition of one international unit (IU) of cellulosome en-
zyme activity is the amount of cellulosomes required to release
1 lmol ‘‘reducing sugar” in 1 h from Avicel microcrystalline cellu-
lose at 65 �C/pH 6.5 (Han et al., 2005). One IU of enzyme activity for
the cellulase is defined as the amount of cellulase required to re-
lease 1 lmol reducing sugar in 1 h from the Avicel microcrystalline
cellulose at 55 �C/pH 5.0 (Liu et al., 2010). Thus, in the following
experiments, a constant 2.78 IU enzyme was used per 10 mg Avicel
microcrystalline cellulose, and the enzyme activities were mea-
sured via the release of reducing sugar.

The released sugar concentration was estimated by dinitrosali-
cylic acid (DNS) method using glucose as standard as described
(Ghose, 1987), at time points of 0, 5, 15, 30, 60, 120, 240, and
480 min. The absorbance was measured at 490 nm rather than
540 nm as indicated by (Ghose, 1987), which was determined by
full wavelength scanning at a GE GeneQuant1300 spectrophotom-
eter (single beam, 190–1110 nm) (Fig. S1).
2.3. Effect of pretreatment-derived inhibitors (organic acids, furfural,
phenolic compounds) and fermentation products (ethanol, organic
acids) on cellulosome activity

Approximately 2.78 IU cellulosome or commercial cellulase
were mixed with 10 mg Avicel microcrystalline cellulose in 1 ml
GS-2 buffer containing organic acids and corresponding organic
salts, ethanol, and phenols as indicated below. Concentrations of
organic acid anions (sodium salts of formate, acetate and lactate)
ranged from 0 to 1 M. Concentrations of organic acids (formic acid,
acetic acid and lactic acid) ranged from 0 to 0.8 M. Concentrations
of ethanol ranged from 0 to 3.2 M. Concentration of furfural, p-
hydroxybenzoic acid and catechol ranged from 0 to 100 mM. Reac-
tions were incubated at 65 �C/pH 6.5 for cellulosomes, or at 55 �C/pH
5.0 for cellulase in all experiments except those with organic acids.

Initial buffer pH for enzymatic assays containing organic acids
was 7.4, which was consistent with the pH of GS-2 medium for
the growth of C. thermocellum. Changes in the pH were monitored
after addition of varying concentrations of formic acid, acetic acid
or lactic acid.

The reactions were incubated for 8 h in a water bath. To mea-
sure sugar concentration in the reaction, 20 ll samples were re-
moved from each tube at time points of 0, 1, 2, 4 and 8 h. The
reducing sugar concentrations were measured by the colorimetric
DNS method as described above for all experiments except assays
containing furfural due to its reaction with DNS. Thus, D-glucose in
furfural-containing samples was measured by the D-glucose kit
(Megazyme, Ireland) following manufacturer’s instructions. All
experiments were performed in triplicate.
2.4. Thermostability of cellulosomes

Cellulosome and commercial cellulase (described above) were
incubated in GS-2 buffer at temperatures ranging from 4 to 70 �C
with durations ranging from 6 h to 6 days, followed by re-mea-
surement of the enzyme activity. Reactions were incubated for
1 h at 65 �C/pH 6.5 for samples containing cellulosome or at
55 �C/pH 5.0 for cellulase. Concentration of reducing sugars was
measured by colorimetric DNS method. Fresh cellulosome and cel-
lulase were used as controls and their corresponding activities
were designated as 100%. In parallel, 2.78 IU of cellulosome and
fungi cellulase were incubated with 10 mg Avicel cellulose at
50 �C and at their corresponding optimized pH described above
for 7 days (168 h). Samples were taken at intervals to measure re-
duced sugar concentrations.
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2.5. Cellulose degradation of C. thermocellum JYT01 in the presence of
exogenous formate, acetate and lactate in Hungate tubes

C. thermocellum JYT01 was cultured for 7 days at 60 �C without
pH control in a sealed Hungate tube containing 100 ml GS-2 med-
ium and 10 g/L cellulose. Exogenous formate, acetate and lactate
were added at final concentrations of 50 mM, 25 mM and 25 mM,
respectively; these concentrations enable maximal sugar release,
as determined in Section 2.4. Cellulose concentration was mea-
sured using the H2SO4/phenol method as described (Haigler and
Weimer, 1991). On day 7, the residual sugar and ethanol produced
in the medium were measured.

Formate, acetate and lactate were measured using an ion chro-
matography system (Dionex ICS-3000) equipped with an IonPac�

AG11-HC column (4 � 250 mm). Ethanol concentrations were
quantified using an enzymatic K-ethanol kit (Megazyme, Ireland)
according to manufacturer’s protocol.
2.6. Ethanolic fermentation of C. thermocellum JYT01 monocultures in
a 5 L bioreactor

Seed culture of C. thermocellum JYT01 was prepared in GS-2
medium supplemented with 0.5% cellulose, and transferred into
2 L of N2-flushed GS-2 medium containing 0.5% Avicel microcrys-
talline cellulose in a 5 L bioreactor (Sartorius Stedim Biostat B-
plus) with 1/100 inoculation ratio. Fermentation was performed
at 60 �C with low speed stirring (40 rpm) and starting pH 7.4. Start-
ing cellulose concentration was 5 g/L. After the first 24 h, whenever
cellulose concentration was below 1 g/L, 20 g cellulose in GS-2
medium was loaded into the bioreactor. The pH was started and
maintained as pH 7.4 from 0 to 36 h, changed to pH 6.5 gradually
from 36 to 60 h, and kept constant at pH 6.5 from 60 h until the
end of experiment (18 days). Concentrations of cellulose, sugar,
ethanol, formate, acetate and lactate were measured every 12 h.
3. Results and discussion

3.1. Effect of pH and temperature on the activities of cellulosome and
cellulase

To examine the pH and temperature ranges for cellulosome-
mediated cellulose degradation, the cellulolytic activity was
evaluated in the presence of cellulose substrate. Given that optimal
temperature might change when varying pH, the optimal pH for
cellulolytic activity was determined first at 50 �C, followed by
determination of optimal temperature under the optimal pH. Max-
imum sugar release by cellulosome activity was observed at pH 6.5
(Fig. 1A) and at 70 �C (Fig. 1C). Cellulose was degraded by cellulo-
some with sugar release rates of 7.2 � 10�3, 7.5 � 10�3,
10.3 � 10�3, 11.2 � 10�3 and 13.1 � 10�3 mg/min when examined
at 50, 55, 60, 65, and 70 �C, respectively, at the optimal pH 6.5
(Fig. 1C). In contrast, maximal sugar release from cellulose by T.
reesei-derived cellulase occurred at pH 5.0 (Fig. 1B) and tempera-
ture 50 �C (Fig. 1D). Cellulose was degraded by cellulase with sugar
release rate of 14.8 � 10�3, 14.4 � 10�3, 14.1 � 10�3, 13.8 � 10�3,
11.1 � 10�3 mg/min when examined at 50, 55, 60, 65, and 70 �C,
respectively, at the optimal pH 5.0 (Fig. 1D). This was consistent
with previous findings that endoglucanase and cellobiohydrolase,
the major components of cellulase from T. reesei, exhibited maxi-
mal enzymatic activity at pH 4–5 (Macarron et al., 1993) and
60 �C (Boer and Koivula, 2003). For cellulosome, our finding was
consistent with previous observations that crude cellulosome
exhibited maximal activity at 70 �C/pH 6.1 (Johnson et al., 1982).
Hence, it was concluded that the maximal cellulosome-mediated
cellulose degradation could be achieved at 70 �C/pH 6.5, while
maximal cellulase-mediated cellulose degradation occurred at
50 �C/pH 5.0. Of great interest is that optimal conditions for growth
of C. thermocellum (60 �C/pH 7.4) and for cellulosome activity
(70 �C/pH 6.5) are in such proximity, which is beneficial to CBP sys-
tem where C. thermocellum could be inoculated into bioreactor di-
rectly. Given that the activity of cellulosome was drastically
reduced by 59% at 70 �C after 6 h, as compared to fresh cellulosome
(Fig. 4C), the optimal temperature for cellulosome enabling maxi-
mal sugar release was designated as 65 �C.

3.2. Effect of organic acid anions (formate, acetate and lactate) on the
activities of cellulosome and cellulase

Organic acids (e.g. acetic acid, lactic acid) are always concur-
rently generated during ethanol production by C. thermocellum. Or-
ganic acid itself causes both pH changes and anion group
accumulation in aqueous solution. The pH changes drastically al-
tered enzymes capability for cellulose degradation (Fig. 1A and
B). To determine whether organic acid anions affect cellulosome-
mediated cellulose degradation, enzymatic activity was quantified
in the presence of sodium salts of formate, acetate and lactate
(Fig. 2). Maximum cellulosome–cellulolytic activity was observed
at 25 mM formate, while its activity was partially inhibited when
formate concentration exceeded 0.5 M (Fig. 2A). During the first
8 h, within 1 mM to 0.5 M range, formate promoted cellulosome
activity by 9.2% and 7.5%, while 1 M formate inhibited the activity
by 16%, as compared to 0 mM formate (Fig. 2A). Similarly, for ace-
tate, at the tested concentrations below 200 mM, cellulosome
activity increases ranging from 17% (for 200 mM acetate) to 41%
(for 25 mM acetate) were observed (Fig. 2C). Nevertheless, the cell-
ulosome activities were also increased in the presence of lactate
below 50 mM (Fig. 2E), as compared to 0 mM lactate, albeit only
5% and 17% increases were observed in the presence of 50 and
25 mM lactate, respectively. Therefore interestingly, these anions,
which were found inhibiting cell growth, in fact promote cellulo-
some activity even at relatively higher concentrations, and nega-
tively affect cellulosome activity only beyond a particular
concentration. The concentrations of organic acids tested in this
study are reasonable at industrial production of cellulosic ethanol.
For example, formate and acetate were released by pretreatment to
high concentrations (217 and 186 mM, respectively) in pretreated
wheat straw and hardwood (Klinke et al., 2004) (Table 1). They
were also produced by C. thermocellum cells and reached 60 and
230 mM (Fig. 6D). Taken together, formate and acetate could reach
277 and 416 mM, respectively, in a CBP system where both ligno-
cellulose degradation and fermentation are combined in one biore-
actor. Therefore, the formate and acetate at such concentrations,
which are considered inhibitory to growth of cell, are still under
the ranges of cellulosome tolerance.

However, these positive effects of organic anions on
cellulosome were not found in the T. reesei-derived cellulase
(Fig. 2B, D and F). It was recently observed that acetate at
150 mM improves ethanol yield of Thermoanaerobacter ethanolicus
39E and C. thermocellum for unknown reasons, whereas lactate
exhibited no significantly effects on ethanol production (He et al.,
2009). Therefore, further studies into why low concentrations of
organic acid anions promote cellulosome activity are required. In
particular, cellulosome activity significantly increased (by 41%)
when adding less acetate, and reached maximum at 25 mM ace-
tate. One possible explanation may be that active sites of certain
cellulosome components harbor a moiety for acetate-binding, en-
abling substrate recognition in the presence of cellulose-acetate
compounds (Correia et al., 2008).

Furthermore, at high concentrations of acetate and lactate,
cellulosome exhibited significantly higher tolerance, as compared
to T. reesei-derived cellulase. For instance, at 1 M acetate and
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Fig. 1. Effects of pH and temperature on cellulolytic activities of cellulosome and cellulase. Enzymatic activity was measured via concentration of reducing sugar, which was
released from 10 mg/ml Avicel microcrystalline cellulose in the presence of 0.04 mg cellulosome (A and C) and 0.02 mg cellulase (B and D). The reactions were incubated at
50 �C and pH ranging from pH 4.0 to 10 for 8 h (A and B). (C) Cellulosome activity was determined at pH 6.5 and temperatures ranging from 4 to 80 �C. (D) Cellulase activity
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C. Xu et al. / Bioresource Technology 101 (2010) 9560–9569 9563
lactate, the cellulosome still maintained 71% (Fig. 2C) and 43.7%
(Fig. 2E) cellulolytic activity after 8 h at 65 �C, as compared to
0 mM organic anions, whereas cellulase activities were completely
inhibited in the presence of 1 M acetate (Fig. 2D) and lactate
(Fig. 2F). However, the cellulase activity was not affected by ace-
tate at a concentration below 100 mM, which is consistent with
previous observation that acetate below 50 mM failed to alter T.
reesei cellulase activity (Szengyel and Zacchi, 2000). In contrast
to T. reesei, C. thermocellum is an acetic acid producing thermophilic
bacterium, indicating that proteins of C. thermocellum are evolu-
tionarily acetate-adapted, potentially explaining the higher acetate
tolerance of cellulosome than fungus cellulase.

Taken together, it was concluded that formate, acetate and lac-
tate increased cellulolytic activities of cellulosome at a concentra-
tion below 100, 200 and 50 mM, respectively, whereas formate
above 0.5 M, acetate above 1 M and lactate above 0.5 M were
inhibitory to cellulosomal activity. Therefore, Clostridial cellulo-
some exhibits CBP-friendly features in comparison to the fungal
cellulase, and might be a competitive alternative in enzymatic lig-
nocellulose hydrolysis.

3.3. Effect of organic acids (formic acid, acetic acid and lactic acid) on
the activities of cellulosome and cellulase

Those experiments at Sections 3.1 and 3.2 had been conducted
either at different pH (same organic anions) or at different organic
anion concentrations (same pH). However, in a CBP scheme, organ-
ic acids secreted by the metabolizing cells would gradually acidify
the reaction. To evaluate how cellulosome and cellulase activities
were affected in a gradually acidifying system, cellulose degrada-
tion assays were performed in the presence of formic acid
(Fig. 3A and B), acetic acid (Fig. 3C and D) and lactic acid (Fig. 3E
and F) ranging from 0 to 0.8 M in GS-2 buffer. The pH of the reac-
tion system was measured after addition of the organic acids.
These results demonstrated that over 80% of the cellulosome activ-
ity were lost when formic acid, acetic acid and lactic acid reached
0.1 M (Fig. 3A), 0.2 M (Fig. 3C) and 0.1 M (Fig. 3D), respectively.
This was caused by pH dropping below 5.0, which was far beyond
the optimal pH 6.5 of cellulosome. The T. reesei-derived cellulase
was more resistant to acids than cellulosome (Fig. 3B, D and F),
probably because the optimal pH of cellulase for cellulose degrada-
tion was 5.0.

Taken together, formic acid above 0.1 M, acetic acid above 0.2 M
and lactic acid above 0.1 M can drastically acidify the GS-2 buffer
system, resulting in inhibition of cellulosome activity. Therefore,
pH control is essential to maintain the activity of cellulosome.

3.4. Effect of ethanol, furfural and phenols on the activities of
cellulosome and cellulase

In a general CBP scheme, ethanol concentration could reach
1.5 M (7%, w/v) in industrialized cellulosic ethanol production
(Lynd et al., 2008). To test whether cellulosome was sensitive to
ethanol, the cellulosome activity was evaluated in the presence
of up to 3.2 M ethanol. This experiment demonstrated that cellulo-
some activity decreased 17%, 21%, 36% and 55% after 8 h in the
presence of 0.4, 0.8, 1.6 and 3.2 M ethanol, respectively, as com-
pared to 0 mM ethanol (Fig. 4A). In contrast, activity of the T. ree-
sei-derived cellulase had decreased 20%, 40%, 70% and 92% at
ethanol concentrations of 0.4, 0.8, 1.6 and 3.2 M, respectively
(Fig. 4B). Therefore, cellulosome exhibited higher ethanol tolerance
than cellulase. We speculate that the ethanol tolerance of cellulo-
some could be traced to the ‘‘adapted evolution” inside the etha-
nolic microenvironment of the ethanologenic C. thermocellum.

Therefore it was concluded that cellulosome exhibited potential
advantage over commercial cellulase regarding ethanol tolerance,
the crucial features demanded by CBP, in which cellulose hydroly-
sis and fermentation take place in a single bioreactor. Due to the
same reason, improving ethanol tolerance of cellulolytic enzymes
is of great potential to industrial CBP from cellulose.

Furfural and phenols, released during pretreatment of lignocel-
lulosic materials, are unfavorable side-products due to their inhib-
itory effects on cell growth (Klinke et al., 2004). High
concentrations of phenolic compounds, primarily p-hydroxybenzo-
ic acid and catechol, are found in pretreated lignocellulosic bio-
mass (Klinke et al., 2004). To examine whether these degradation
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products had any effects on cellulosome activity, cellulose degra-
dation experiments were performed in the presence of furfural
(Fig. 4C and D), p-hydroxybenzoic acid (Fig. 4E and F) and catechol
Table 1
The minimal inhibitory concentrations (MIC) of the degradation products to C.
thermocellum-derived cellulosome and T. reesei-derived cellulase.

Highest level reported so
far in pretreated
hydrolysates (mM)

MICg to
cellulosome
(mM)

MICg to
cellulase
(mM)

Formate 217a >1000 >1000
Acetate 186b 1000 500
Lactate 132c 500 500
Furfural 40b 25 >100
Ethanol 1520d 1600 800
p-Hydroxybenzoic

acid
56e >100 100

Catechol 9f 25 25

a Larsson et al. (1999), concentration up to 100 mM actually promotes cellulo-
some activity.

b Taherzadeh et al. (1997), concentration up to 200 mM acetate actually pro-
motes cellulosome activity.

c Product of fermentation; 132 mM produced in this study. Concentration up to
50 mM actually promotes cellulosome activity.

d Assuming 7% (w/v) ethanol produced from fermentation in a CBP system (Lynd
et al., 2008).

e Lee et al. (1999).
f Larsson et al. (2000).
g MIC is the minimal inhibitory concentration that results in loss of approxi-

mately 50% enzymatic sugar release activity after 8 h.
(Fig. 4G and H) ranging from 0 to 100 mM. These results demon-
strated that cellulosome activity was reduced 15% and 62% in the
presence of 10 and 100 mM furfural, respectively, after 8 h, as com-
pared to 0 mM furfural (Fig. 4C), whereas cellulase activity was un-
changed under the same conditions (Fig. 4D). In addition,
cellulosome activity was reduced 5% and 34% after 8 h in the pres-
ence of 50 and 100 mM p-hydroxybenzoic acid, respectively
(Fig. 4E), whereas cellulase activity was drastically reduced 27%
and 82% when examined in the presence of 50 and 100 mM p-
hydroxybenzoic acid, respectively (Fig. 4F). In contrast, the cellulo-
some activity was reduced 42% and 56% after 8 h in the presence of
25 and 50 mM catechol, respectively (Fig. 4G), whereas cellulase
activity was reduced 40% and 48% when examined in the presence
of 25 and 50 mM catechol, respectively (Fig. 4H), as compared with
0 mM catechol. Therefore, improvement of tolerance to the pre-
treatment-derived products is important to both cellulosome and
cellulase in simultaneous saccharification and co-fermentation.

The enzymatic activities of cellulosome and cellulase were eval-
uated by the concentration of reducing sugars following the DNS
method as described (Ghose, 1987). Both cellobiose (major end
product of cellulosome, Lamed et al. (1991)) and glucose (major
end product of cellulase, Chirico and Brown (1987)) could be quan-
titatively estimated by this colorimetric method. However, in the
presence of furfural, the DNS method could result in a background
absorption error due to absorbance of furfural at the wavelength
around 500 nm, as well as a reaction between furfural and DNS
(data not shown). Therefore, the D-glucose kit (Megazyme),
which was based on the glucose oxidase/peroxidase enzymatic
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procedures, was chosen to measure the reducing D-glucose in
reactions (Fig. 4C and D). This result further suggested that glucose
accounted for 17% of total reducing sugars in the end products of
cellulosome (by comparing Fig. 4A and C), whereas 40% soluble
glucose was present in the end products of cellulase (by comparing
Fig. 4B and D)

Taken together, it was concluded that cellulosome was tolerant
to 5 mM furfural, 50 mM p-hydroxybenzoic acid and 1 mM cate-
chol without significant changes of its activity, whereas cellulase
was tolerance to 100 mM furfural, 10 mM p-hydroxybenzoic acid
and 1 mM catechol.

All chemical compounds released during pretreatment of ligno-
cellulose might be inhibitory to cell growth at specific concentra-
tions (Klinke et al., 2003, 2004, 2001). This could be reflected
from the enzymes activities of specific cells. Therefore, the minimal
inhibitory concentrations (MIC) of pretreatment-derived inhibitors
and fermentation products to cellulosome and fungal cellulase
activities were summarized in Table 1, in which cellulosome was
found more tolerant to certain chemical inhibitors as described
than cellulase, and thus could be more competitive in industrial
CBP.
3.5. Thermostability of cellulosome and cellulase

In general, the cellulosic ethanol production under CBP mode
may last for days or weeks at high temperature (Georgieva et al.,
2008). To evaluate the thermostability of cellulosome and cellu-
lase, these enzymes were incubated from 4 to 70 �C for 6 days.
Then, the activities were reevaluated by sugar release. After 6 days
incubation at 50, 65 and 70 �C, the activities of cellulosome were
reduced 35%, 58% and 79%, respectively, as compared with fresh
cellulosomes (Fig. 5A). In contrast, the cellulase activities were al-
most completely lost at temperatures higher than 65 �C (Fig. 5B),
albeit 63% activity remains at 50 �C after 6 days. Thermostable en-
zymes offer great potential in the hydrolysis of lignocellulosic sub-
strates in a prolonged fermentation process. Up to date, the
majority of industrial cellulases used for cellulosic ethanol have
been isolated from mesophilic organisms, mainly fungi. Thermo-
philic bacteria have, however, drawn greater interests as sources
of such highly active and thermostable enzymes (Taylor et al.,
2009; Viikari et al., 2007). Meanwhile, their thermostability was
confirmed by monitoring released sugar under the same assay con-
ditions. After 7-day incubation at 50 �C, the cellulose conversion
rate by cellulosome was up to 76%, while fungi cellulase was 50%
(Fig. 5C). Cellulase lost nearly all activities after 3 days (Fig. 5B
and C). These findings suggested that cellulosomes could be more
competitive through potentially achieving significant saving in the
amount of externally added enzymes.
3.6. Cellulose degradation by cultured C. thermocellum JYT01 in sealed
Hungate tubes without pH control

We demonstrated that activity of isolated cellulosome was pro-
moted by low concentrations of formate, acetate and lactate
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in vitro (Fig. 2). To test whether exogenous organic acid anions
could promote cellulose hydrolysis in a living-cell culture, the eth-
anol adapted C. thermocellum JYT01 was grown in GS-2 medium
supplemented with or without formate, acetate or lactate. The pro-
moting effects as measured by sugar release of formate, acetate
and lactate on cellulose degradation of the isolated cellulosome
were not observed in cultures of C. thermocellum (Fig. 6A). How-
ever, exogenous acetate and lactate increased ethanol yield by
16% and 10% (Fig. 6B) as compared to 0 mM exogenous organic
salts, while formate caused more sugar accumulation (Fig. 6C). This
sugar accumulation might account for gas (H2 and CO2) accumula-
tion in the sealed bottle (Bothun et al., 2004). These results also
showed that cellulose was completely degraded after 7 days in
all cultures (Fig. 6A), suggesting that cellulosomes released by
the cells were functional in the presence of exogenous organic
acids. However, the conversion rate from cellulose to ethanol
was merely 10.4–15.3%, indicating that this culture system was
not optimal due to its inability to control pH and gas pressure in
the sealed tubes.

It was concluded that 50 mM formate, 25 mM acetate or 25 mM
lactate did not significantly alter cellulose degradation by C. ther-
mocellum, albeit acetate slightly increased the ethanol yield.

3.7. Cellulosic ethanolic fermentation of C. thermocellum JYT01 in a
bioreactor with pH control

To further probe the implication of these unique cellulosome-
features to cellulosic ethanol production, we examined the
performance of C. thermocellum under the pH and temperature
conditions optimized for cellulosome activity. C. thermocellum
JYT01 was fermented in a 5 L bioreactor with 2 L working volume.
The bioreactor was loaded with cellulose with initial concentra-
tions of 5 g/L, and was fed again with 20 g cellulose whenever its
concentration fell below 1 g/L. Exogenous organic acid salts were
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not added into the bioreactor due to their inhibitory effects on cell
growth. After 18 days fermentation, a total of 137 g/L cellulose was
completely degraded and no sugar accumulation was detected in
the whole process (Fig. 6D), indicating that all reducing sugars re-
leased from cellulose were completely utilized by C. thermocellum.
Furthermore, final ethanol concentration reached 491 mM
(Fig. 6D), which was the highest yield reported so far using mono-
culture of C. thermocellum and has almost reached the cell’s maxi-
mal ethanol tolerance (3%, w/v). This finding demonstrates the
value and potential of defining and strategically tuning cellulo-
some activity in a CBP scheme.
However, 64 mM formate, 234 mM acetate and 132 mM lactate
were also generated (Fig. 6D), suggesting that these branched path-
ways at least partially reduced ethanol yield. The average cellulose-
to-ethanol conversion rate was only 17% after 154 h fermentation in
contrast to the theoretically rate of 50%, indicating that C. thermocel-
lum JYT01 needs to be engineered or further evolved to improve its
ethanologenic capability. One possible strategy might be knocking
out the branched organic acids pathways. However, even in the
metabolically engineered thermophilic bacterium lacking organic-
acid-producing pathways, the conversion rate from a mixture of
monosaccharides to ethanol was only 38% (Shaw et al., 2008), albeit
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37 g/L ethanol was produced ultimately. This monosaccharide-to-
ethanol conversion rate was substantially lower than Saccharomyces
cerevisiae (Lau and Dale, 2009), which produced 40 g/L ethanol with
a conversion rate of 47%. To address this, a second strategy could be
introducing other ethanologenic microbes in CBP systems in addi-
tion to C. thermocellum. However, we observed that no sugar accu-
mulations were detected in bioreactor during the whole process of
C. thermocellum culture (Fig. 6D); this might severely limit the per-
formance of the introduced ethanologenic microbes. A third strategy
that circumvents this challenge could use crude cellulosome as cel-
lulase substitute in cellulosic biomass hydrolysis, while an ethanol-
ogenic thermophilic bacterium or thermotolerant yeast could be
used to produce ethanol. Towards a CBP framework, these findings
demonstrated the significance of defining and tuning cellulosome
activity, suggested rational strategies to maximize cellulosome-eth-
anologen synergy and unleash the full potential of cellulosome, and
should help guiding the herculean yet urgent endeavors in develop-
ing and engineering CBP systems.
4. Conclusions

In this study, the effects of organic acids, organic acid anions, eth-
anol, furfural and phenols on cellulosome activities were investi-
gated and the minimal inhibitory concentrations (MIC) of these
compounds to cellulosome and cellulose activities were summa-
rized. In particular, formate, acetate and lactate with concentrations
below 100, 200 and 50 mM, respectively, could increase cellulosome
activities for cellulose degradation. Moreover, cellulosome exhib-
ited higher ethanol tolerance and thermostability than cellulase,
and was tolerant up to 5 mM furfural, 50 mM p-hydroxybenzoic acid
and 1 mM catechol. Ultimately, 491 mM ethanol was generated
from cellulose using the ethanol adapted C. thermocellum JYT01.
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