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Enhanced saccharification of cellulose and
sugarcane bagasse by Clostridium thermocellum
cultures with Triton X-100 and B-glucosidase/
Cellic®CTec?2 supplementation

Xiao-Su Qu,? Bin-Bin Hu® and Ming-Jun Zhu () *a°

Clostridium thermocellum is the most efficient cellulose-degrading bacterium known for producing
cellulosome, which was used to directly degrade sugarcane bagasse (SCB) with limited glucose
accumulation. However, the glucose production was significantly enhanced with 0.25% Triton X-100 and
30 U g~ ! of B-glucosidase supplementation. A glucose accumulation of 21.33 + 0.35 g L™ and substrate
degradation of 61.91 + 0.77% from 60 g L™! sodium hydroxide-pretreated SCB were reached, with
a 609.41% and 75.53% increase over the control (3.01 + 0.26 g L™, 35.27 + 2.91%), respectively. More
interestingly, a synergism between C. thermocellum cultures and Cellic®CTec?2 (30 CBU per g, 1.2 FPU
per g substrate) in the enzymolysis of Avicel was observed and the glucose concentration and
saccharification ratio of Avicel reached 56.90 + 1.20 g L™! and 94.8% at 60 g L' Avicel. Moreover,
a highest glucose concentration of 83.17 g L™ was achieved at 100 g L™ Avicel. The present work
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1. Introduction

Lignocellulosic biomass obtained from agricultural and indus-
trial residues is an abundant, inexpensive and renewable
resource of sugars." Cellulose and hemicelluloses are the major
constituents of plant biomass. When subjected to enzymatic
hydrolysis, these polysaccharide are transformed into glucose
and other fermentable carbohydrates, which might further be
converted to liquid fuels and many other useful chemicals.”
According to contribution of renewable energy and biofuels in
the total energy consumed in the world in 2011, sugarcane
consists of 34.0% of the all feedstock used for ethanol
production.? Thus, a reasonable way to handle the residue of the
sugar industry, sugarcane bagasse (SCB), has become a serious
problem.

The “biochemical” route transforms sugar polymers present
in SCB to monomeric sugars, which then are fermented using
microorganisms to produce fuels and chemicals. Clostridium
thermocellum is an anaerobic, thermophilic and spore-forming
bacterium, and is famous for its multienzyme complex, the
cellulosome. The cellulosome is composed of a primary scaf-
foldin subunit that can integrate up to nine enzymes into the
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provides an effective and promising process for industrial saccharification of cellulose.

complex. The scaffoldin subunit contains a single CBM together
with numerous cohesion modules and binds strongly to
a dockerin module borne by each cellulosomal enzyme.* The
cellulosome has been reported more effectively than fungal free
enzyme in degrading cellulose.” Moreover, using multi-enzyme
complexes, C. thermocellum can saccharify lignocellulose during
cultivation, which would greatly reduce operating costs.®
Fermentation products generated by C. thermocellum are mostly
ethanol (low-tolerant generally) and acetic acid and the
production of all products besides hydrogen are generally
limited. However, the previous research in our laboratory found
that the addition of nonionic surfactant (Triton X-100) in C.
thermocellum cultures resulted in an accumulation in reducing
sugars and showed little negative effect on hydrogen produc-
tion.”® And the possible reasons of enhancing saccharification
by C. thermocellum cultures with Triton X-100 addition was also
studied before. Triton X-100 showed the detrimental effect on
growth and metabolism of C. thermocellum, resulting in less
transportation and consumption of reducing sugar. On the
other hand, Triton X-100 had positive effect on enzyme activity
and concentration in the supernatant, indicating that cellulases
or cellulosome might be released from cell surface.®* However,
when a new thermophilic bacterium was used, more glucose
was released and a certain amount of cellobiose was detected.
In order to optimize the cellulolytic abilities of cellulosomes, it
is necessary to eliminate the inhibition of cellobiose.® Thus,
there are still many potential aspects that need to be studied to
improve the accumulation of reducing sugar including glucose

This journal is © The Royal Society of Chemistry 2017
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and xylose. Additionally, most common commercially available
cellulases are produced by Trichoderma and Aspergillus species
and limited researches”®" focus on improving glucose
production by C. thermocellum cultures. The proteins secreted
by cellulolytic fungi are above 20 g L%, but costs are high due to
long fermentation time and high power demand for broth
aeration.>” So, a study on combination of cellulosome and
fungal cellulase can be performed to reduce the utilization of
high-cost commercial cellulase.

Herein, we bring up a promising strategy for the converting
SCB and Avicel into glucose and increasing the degradation of
substrate further by C. thermocellum cultures with nonionic
surfactant Triton X-100 and B-glucosidase supplementation.
Moreover, an efficient synergism is found in enzymatic hydro-
lysis of Avicel, resulting in reducing the cost of utilization of
commercial cellulase.

2. Materials and methods
2.1 Substrates, surfactant and enzymes

SCB was provided by the Guangzhou Sugarcane Industry
Research Institute (Guangdong province, China). Alkali
pretreatment was performed as described previously in Cheng
et al.” Briefly, the SCB was soaked in 3% (w/v) NaOH solution
with a liquid to solid ratio of 25 : 1 (v/w) and incubated for 3 h in
a water bath at 80 °C. Afterwards, the pretreated SCB was
washed into neutral with distilled water and then dried for 48 h
at 60 °C. Finally, the dried SCB was milled and sieved through
a 100 mesh screen. The chemical compositions of the pre-
treated SCB were determined according to the methods of the
National Renewable Energy Laboratory.” The main chemical
components of the SCB were 59.89 £ 0.16% cellulose, 17.99 +
0.15% hemicellulose, 8.30 £ 1.31% Klason lignin, 2.68 & 0.08%
acid soluble lignin and other components. Microcrystalline
cellulose Avicel PH 105 was obtained from FMC Corporation
(Philadelphia, PA, USA).

Non-ionic surfactant, Triton X-100 was purchased from
Sigma (St. Louis, MO, USA) and the concentration used in this
study was 0.25% (w/v).

Two B-glucosidases were BglA'" cloned from C. thermo-
cellum ATCC 27405 and Cellic®CTec2 provided kindly by
Novozymes Corporation. Specifically, DNA encoding the BglA
was amplified from C. thermocellum strain ATCC 27405 genomic
DNA by PCR using 5-CAGTCCATGGCAAAGATAAC-3’ for sense
prime and 5-CGAGCTCGAAACCGTTGTTTTTGATTAC-3' for
antisense primer (Ncol and SaclI sites in italic, respectively). The
PCR amplified BglA gene was digested by Ncol/Sacl and ligated
into pET30a resulting in the final vector p30a-BGDs. Expression
of the proteins was achieved by adding isopropyl-B-b-thio-
galactopyranoside (1 mM final concentration) to mid-
exponential phase cultures of E. coli BL21 (DE3) harboring
target plasmids with incubation for a further 3 h at 37 °C. The
harvested cell pellets were resuspended in lysis buffer (50 mM
potassium phosphate, pH 6.0) and ultrasounded in a 50 ml
plastic centrifuge tube with an ultrasonic cell disintegrator
(SCIENTZ-IID, Ningbo Scientz Biotechnology Co., Ltd, Zhejiang
Province, China) of 300 W ultrasonic power, 5 s interval time, 4 s
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ultrasonic time and 25 min total working time. The samples
were kept in an ice bath during the ultrasonic process to prevent
overheating™ and then centrifuged for 15 min at 10 000 rpm
and collected the supernatant as crude enzyme for use. The
activity of crude enzyme was 25 CBU per ml. Cellic®CTec2 had
an activity of 110 FPU per ml and 2743 CBU per ml measured
according to International Union of Pure and Applied Chem-
istry standard assay.®

2.2 Microorganism and inoculum

0.8 g SCB was added into 50 ml serum bottles and supple-
mented with 18 ml DSMZ 122 media containing the following
(per liter): 1.30 g of (NH,),SO,, 2.60 g of MgCl,-6H,0, 1.43 g of
KH,PO,, 5.50 g of K,HPO,, 0.13 g CaCl,-2H,0, 6.00 g of Na,--
glycerol phosphate-4H,0, 0.25 g of r-glutathione reduced,
4.50 g of Yeast extract, 1.10 mg of FeSO,-7H,0 and 1.00 mg of
Na-resazurin. The bottles were crimp-sealed, purged with N,
three times and sterilized by autoclaving at 115 °C for 20 min.
For 10% (v/v) inoculation, the bottles were then injected with
2 ml exponential phase cultures grown on 10 g L™ " Avicel PH
105 in DSMZ 122 media. The bottles were incubated in
a shaking incubator (C24KC refrigerated incubator shaker,
Edison, New Jersey, United States) with temperature controlled
at 55 °C and rotation speed set at 150 rpm.

2.3 Optimization of Triton X-100 addition time and
substrate concentration

To study the addition time of Triton X-100 in C. thermocellum
cultures, experiment with various addition times (0, 6, 12, 18, 24
and 48 h) were conducted and the pH of C. thermocellum
cultures was measured. Bottles without Triton X-100 addition
were used as the control. Similarly, in order to achieve more
glucose accumulation, a series of substrate concentration (40,
60, 80 and 100 g L™ ') were considered at the optimal addition
time.

The concentration of metabolites at endpoint of fermenta-
tion was measured by HPLCY using culture supernatant
centrifuged at 12 000 rpm for 10 min. The residual pellets were
collected and dried at 60 °C until a constant weight and then the
degradation ratio of SCB was calculated.

SCB weight loss (g)
initial weight of SCB (g)
x 100%

Degradation ratio of SCB (%) =

2.4 Saccharification using C. thermocellum -cultures with
Triton X-100 and BglA or Cellic®CTec2 supplementation

At optimal addition time of Triton X-100 and substrate
concentration, 30 CBU per g substrate of BglA or Cellic®CTec2
(containing 1.2 FPU per g substrate) was supplemented directly
into C. thermocellum cultures by single-use syringe and incu-
bator for another 120 h at 55 °C and 150 rpm. Meantime, Avicel
containing equal glucan content as the SCB at optimal
concentration was also considered to study the synergism
between C. thermocellum cultures and Cellic®CTec2. Several
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Table 1 Detailed addition information on substrate, buffer, inocula, Triton X-100 and B-glucosidase in different experiment groups

SCB/Avicel PH 4.8 sodium citrate buffer Inocula Triton X-100 B-Glucosidase
Group (%, wiv) (ml) (%, v/v) (%, Wiv) (CBU per g)
+TX 6.0/3.6 — 10 0.25 —
+CTec2 + TX 6.0/3.6 — 10 0.25 30
Enzymolysis 6.0/3.6 19.92 — — 30
enz + TX 6.0/3.6 19.52 — 0.25 30

controls were set and detailed addition volume of each
component was shown in Table 1.

3. Results and discussion

3.1 Effect of Triton X-100 addition on saccharification of
SCB by C. thermocellum cultures

3.1.1 Effect of addition time on SCB degradation and
metabolites. Previous study in our laboratory found that
nonionic surfactant Triton X-100 could improve the biodegra-
dation of SCB and had little negative effect on hydrogen
production.*® However, the glucose generation was very limited,
only 1.33 g L' was obtained by C. thermocellum cultures at
a SCB concentration of 20 g L™". The difference of growth
properties, metabolites condition and genome sequence'
between two strains (C. thermocellum ATCC 27405 and C. ther-
mocellum DSM 1313) might result in the diversity of glucose
accumulation.

As described in previous study, addition of Triton X-100 in C.
thermocellum cultures was primarily used to promote release
and detachment of cellulosome from cell and also had a nega-
tive influence on the growth and metabolism of cell.® Thus,
a suitable time for Triton X-100 addition was important and
studied first. As can be seen in Fig. 1(b), the addition time of
Triton X-100 showed great influence on glucose accumulation
and all tests exhibited a certain degree of increase at different
addition time of fermentation except for that at 0 h, which
means Triton X-100 addition and inoculum were operated at the
same time. As the addition time was prolonged, the glucose
accumulation increased rapidly and reached a plateau at 12 h,
and with a further extension of the time, the glucose production
decreased gradually. With Triton X-100 addition at 12 h, the
glucose concentration increased significantly from 3.01 g L * of
the control to 8.84 g L', resulting in an increase of 193.69%
over the control. Our previous study indicated that Triton X-100
showed the inhibitive or detrimental effect on growth and
metabolism of C. thermocellum, resulting in less transportation
and consumption of reducing sugar. However, Triton X-100 had
positive effect on enzyme activity and concentration in the
supernatant and saccharification still continued, leading to
accumulation of sugars.® In order to eliminate the discrepancy
of growth among different batches of the experiment, the
addition time of Triton X-100 was associated with the pH of the
cultures. Exactly, when the pH of the culture reached 5.5-6.0,
which meant C. thermocellum was during late exponential
phase, the optimal time for Triton X-100 addition was

21362 | RSC Adv., 2017, 7, 21360-21365

determined. PH of broth as an indicator reflected metabolite
production (formate, lactate and acetate) of strain. With a high
pH, the cell was during lag to early log phase and limited cel-
lulosomes were produced, accompanied with a low degradation
of SCB (Fig. 1(a)). However, when the pH of the culture dropped
to a constant value and the cell was during stationary phase like
18, 24 and 48 h, the degradation ratios of SCB were all
approximately 50% while the glucose concentration showed
a distinct decrease. This might be due to part of the input
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Fig. 1 Impact of Triton X-100 on enzymatic saccharification and

metabolite production in biodegradation of sugarcane bagasse. (a)
Degradation of SCB, (b) difference of metabolites and pH of the time
point with Triton X-100 added. Control denoted no Triton X-100
added during fermentation process.
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cellulose was utilized in maintaining cellular homeostasis, such
as for energy and coproduct production (Fig. 1(b)).

3.1.2 Effect of substrate concentration on SCB degradation
and metabolites. In order to increase release of glucose further,
the optimal initial substrate concentration was examined, in
which the concentration of glucose was chosen as the criterion.
As the substrate concentration increased, the inhibition from
sugars and degradation products also increased and caused
a drop in enzyme efficiency.”*** Also, fibers in pretreated
biomass have the capacity to absorb water and as a result
require high energy to mix it. Insufficient mixing causes mass
transfer issues, leading to lower sugar conversion.® So a suitable
substrate concentration should be taken into account. Fig. 2
showed the effects of substrate concentration on the release of
glucose from SCB and the degradation of the SCB. When the
substrate concentration was below 60 g L', the glucose
concentration reached a 23.03% increase. While the substrate
concentration increased further, it did not ascend anymore and
high cellobiose concentration could be observed. Similar to
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Fig. 2 Profiles of SCB degradation and accumulation of glucose with
Triton X-100 added at 12 or 15 h (pH 5.5-6.0) during fermentation
process at different substrate concentrations. (a) Degradation of SCB,
(b) difference of metabolites at different substrate concentration.
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other fungal and bacterial cellulase systems, the multienzyme
cellulosomes of the C. thermocellum were also strongly inhibited
by the major end product cellobiose. Cellobiose-induced inhi-
bition can be relieved by the addition of exogenous enzyme f3-
glucosidase.”>*

3.2 Enhancement of saccharification by C. thermocellum
cultures with BglA supplementation

As shown in Fig. 2(b), about 3 g L™ " cellobiose was produced in
the cultures and in order to relieve cellobiose inhibition and
enhance the degradation of cellulose further, a certain amount
of B-glucosidase was needed due to the shortage of this category
in cellulosome.>*

In this study, we tested a thermostable B-glucosidase BglA,
which was cloned from C. thermocellum ATCC 27405. As can be
seen in Fig. 3, when 30 U g~' of BglA was supplemented with
Triton X-100 simultaneously, no cellobiose was detected
anymore in the cultures and the glucose concentration
increased significantly from 7.58 to 16.09 ¢ L™" (an increase of
112.27%). Meantime, the degradation ratio of SCB and hexoses
yield released had a 34.88% and 112.43% increase respectively.

3.3 Synergistic saccharification of cellulose between C.
thermocellum cultures and Cellic®CTec2

With a high level of B-glucosidase in commercial cellulase of
Cellic®CTec2, a study about synergism between C. thermocellum
cultures and Cellic®CTec2 in SCB or Avicel degradation was
conducted. The C. thermocellum cultures with Triton X-100
added alone was assayed as noted above at their optimal
conditions. The Cellic®CTec2 (the same dosage as in C. ther-
mocellum cultures) with or without Triton X-100 added alone
was also assayed at their optimal conditions as described in
Table 1 in the methods section. Interestingly, the results
showed that the combination of C. thermocellum cultures and
Cellic®CTec2 exhibited the synergism on Avicel rather than SCB
tested. The final glucose concentration of three groups, namely
C. thermocellum culture with Triton X-100 addition, Cellic®C-
Tec2 with Triton X-100 addition and combination of both were

20 60
[IDegradation ratio of SCB

[ZZ7]Hexoses yield released (% cellulose)
[ Pentoses yield released (% hemicellulose))
I Ccllobiose

E=] Glucose
[T Xylose

16

Concentration (g/L)
Percentage (%)

0 il

Control

+ BglA

Fig. 3 Enzymatic hydrolysis of 6% SCB by C. thermocellum cultures
with Triton X-100 and 30 CBU per g of BglA supplementation.
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g substrate); enz + TX: enzymatic hydrolysis by 30 CBU per g of CTec2

(contains 1.2 FPU per g substrate) and with 0.25% Triton X-100 supplementation.

10.95, 9.03 and 32.78 g L', respectively (Fig. 4(e)). Moreover,
the initial (24 h) enzymatic hydrolysis rate were 0.134, 0.229 and
0.799 ¢ L~ " h™', respectively. A ‘1 + 1 > 2’ result was reflected
between C. thermocellum culture and Cellic®CTec2. However,
the synergistic effect was not observed in SCB and the perfor-
mance of hydrolysis by Cellic®CTec2 (30 CBU per g, 1.2 FPU per
g) with Triton X-100 added was superior to the combination of
the C. thermocellum cultures, Triton X-100 and Cellic®CTec2
(Fig. 4(b)). Furthermore, we noted that in the case of pretreated
biomass, fungal cellulases (Cellic®CTec2) are superior to cel-
lulosome in enzymatic hydrolysis. While on high purity cellu-
lose like Avicel, cellulosome showed better performance than
that of fungal cellulases (Cellic®CTec2). The difference may be
due to the different physical mechanism of cellulose decon-
struction by fungal cellulases and cellulosomes.**

High cellulose loading is preferred for industrial processes
due to the benefits of lower capital cost and higher production
of desirable products.”® Thus, to confirm potential of this
synergistic system in cellulose saccharification, a series of
substrate concentration (60, 80, 100 and 150 g L") was inves-
tigated and the saccharification time was extended to 240 h. As
shown in Fig. 5, high hexoses yield released of 94.8% and 89.4%
were obtained in cultures using 60 and 80 g L™ " cellulose and
83.17 g L™ " glucose was achieved at a cellulose concentration of
100 g L™". More cellobiose was produced again with higher
substrate loading and as a result, negative impact on further
enzymatic hydrolysis was shown. Thus, in the future, a more

21364 | RSC Adv., 2017, 7, 21360-21365
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Fig. 5 Glucose and cellobiose accumulation at high Avicel loading by
synergistic saccharification between C. thermocellum cultures with
Triton X-100 (0.25%) added and CTec2 (30 CBU per g and 1.2 FPU
per g substrate).

efficient enzyme of B-glucosidase can be explored to match well
with the C. thermocellum cultures and Triton X-100.

4. Conclusion

This study established an efficient saccharification system by C.
thermocellum cultures with Triton X-100 and B-glucosidase
supplementation in lignocellulose degradation. Not only

This journal is © The Royal Society of Chemistry 2017
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increasing biodegradation of SCB but also more glucose accu-
mulation was achieved. Moreover, the synergistic effect on pure
cellulose saccharification between C. thermocellum cultures,
Triton X-100 and Cellic®CTec2 was observed, leading to greatly
increasing saccharification rate with decreasing commercial
cellulase utilization. The present study suggested that the C.
thermocellum cultures could be used for enzymatic hydrolysis
directly without further separation and purification.
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