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Abstract

Enzymatic saccharification of corn stover can be enhanced by partially replacing commercial enzymes
with bacterial crude enzyme extracts. Three bacteria, Bacillus sp. A0, Bacillus sp. CH20S1, and
Exiguobacterium sp. AS2B, were cultured in a media with corn stover as the substrate. The cultural
conditions were monitored and optimized to maximize CMCase and xylanase activity in the crude
enzyme extracts. After 72 h of hydrolysis of corn stover with diluted crude enzymes (DCE) from the three
strains, reducing sugars were released from non-pretreated and pretreated corn stovers. Values of the
released sugars ranged from 48.23-71.69 mg g~ !, which were lower than those released by commercial
cellulase (100-400 mg g~ "). The synergistic effects were observed when 12 FPUg ' and 4 FPU g~ ! of
commercial cellulase were added to the DCE of the CH20S1 strain producing 315.90 mg g™ ' and 320.65
mg g~ ' reducing sugars, respectively. It was shown that an effective combination of bacterial DCE with
commercial enzymes could achieve more cost-efficient saccharification of lignocellulosic biomass
compared to either of the two enzymes used alone.

Statement Of Novelty

The novelty of this study entails enzyme production from bacteria for saccharification of corn stovers.
The study also focuses on the effects of bacterial and commercial enzyme combination on
saccharification. The synergistic effect was observed significant for non-pretreated corn stover than
pretreated one. This study further illustrates the potential of total cost reduction in pretreatment and
saccharification of biomass by supplementing commercial enzyme with crude enzyme.

Introduction

The massive consumption of crude oil for producing transportation fuels and industrial chemicals
increases crude oil prices, greenhouse gas emissions, and social tensions among oil-producing nations.
To mitigate these problems, several studies have focused on the development of alternative and
sustainable energy sources [1]. Biofuels show significant advantages in reducing greenhouse gas
emissions compared with fossil fuels, especially bioethanol, a common renewable fuel [2].
Lignocellulosic biomasses are currently considered as promising feedstocks for bioethanol production
because of their extensive distribution and abundant reserves [3].

A considerable number of studies have been conducted to explore efficient technologies for
lignocellulosic ethanol conversion [4]. In general, lignocellulosic ethanol production involves
pretreatments (chemical or physical) to break down the plant cell wall, enzymatic saccharification to
release fermentable sugars, and yeast or other microbial fermentation to produce ethanol [5, 6]. So far,
numerous pretreatment technologies, such as alkaline, ammonia, dilute acid, and steam explosion
pretreatments, have been developed to solve the biomass recalcitrance problem for efficient enzymatic
saccharification [7, 8]. However, harsh pretreatments can lead to the degradation of free sugars, while too
weak pretreatments result in low enzyme accessibility [9]. Pretreatments via alkaline hydrogen peroxide
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(AHP) and dilute acid have been evaluated jointly with enzymatic saccharification and showed a
remarkable effect on bioethanol production [10, 11].

Saccharification of the lignocellulosic material was developed to determine the yield of fermentable
sugars for producing bioethanol [12]. Hence, the process of saccharification is one of the main
constraints in converting lignocellulosic materials to ethanol [13]. In general, biomass materials are
saccharified by using acids, alkalis, or enzymes [14]. Enzymatic hydrolysis is considered the best method
for subsequent fermentation because of its high specificity, high yield, and lower formation of
undesirable products [15, 16]. However, these strategies have a costly production process with the use of
commercial enzymes. Cellulase enzymes contributed 10—20% to the overall costs of ethanol production
from biomass, according to recent techno-economic evaluations [17—-19], a cost considered a significant
part of the overall production costs [20]. Thus, the improvement of cellulolytic microorganisms and
enhancement of the hydrolytic capacity of cellulases are essential to reduce the costs for biomass-to-
bioethanol production. Although microbial cellulolytic enzymes were studied here to carry out the
enzymatic saccharification for cost reduction, the majority of studies focus on the cellulolytic enzymes
produced by fungi, such as Penicillium roqueforti and Trichoderma reesei [14, 21]. We suggest that
bacteria are considered more appropriate to produce the hydrolytic enzymes for saccharification on an
industrial scale due to the shorter generation time [22], ability to be artificially cultivated [23], and
excellent tolerance to environmental stresses [24].

As such, three bacterial strains (A0, AS2B, and CH20S1) were studied to produce cellulolytic enzymes
using corn stover as the substrate and to examine the possibility of bacterial enzymes in the
saccharification process. The hydrolytic efficiency of the crude enzyme extracts from the strains
examined was evaluated from saccharification assays measuring the reducing sugars released from
AHP/ H,S0O, in pretreated and non-pretreated corn stovers. Further, the potential of bacterial cellulolytic
enzymes in industrial bioethanol production was investigated. Finally, the crude enzyme extract from the
best-performing strain in the saccharification assays was selected and combined with commercial
enzymes in different concentrations.

Materials And Methods
Biomass material and bacterial strains

The bacterial isolates, Bacillus sp. A0 (Accession no. KP974676), Bacillus sp. CH20S1 (Accession no.
HQ331531), and Exiguobacterium sp. AS2B (Accession no. HM134063), and their enzymatic
characteristics have been previously reported by our lab [25-27]. All the strains stored at -80°C in our lab
were activated with Luria-Bertani (LB) medium (37°C, 200 rpm) for 12 h before the experiments. The corn
stover containing high contents of glucan and xylan was chosen to induce cellulolytic enzymes from the
three strains. The untreated corn stover provided by Agriculture and Agri-Food Canada was dried at 50°C
until a constant weight was achieved, then cut into 2—5 cm pieces, and then ground through a 50 mesh
sieve for further study.
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Pretreatment

AHP and H,S0, have been proven as effective methods to pretreat corn stover [28, 29], so they were used
in this study.

AHP pretreatment

Milled corn stover samples were pretreated with alkaline peroxide. The pretreatment was carried out by
slurring the samples 5% (w/v) with 30% (w/v) H,0, (pH to 11.5 adjusted with 2.0 M NaOH). The mixture
was shaken at 150 rpm at 50°C for 1 h then the solid and liquid fractions were obtained by filtration. The
solid fractions were washed with deionized water until pH 7, dried in an oven at 80°C overnight, and used
for composition analysis.

H>SO 4 pretreatment

Acid pretreatment was conducted as described by Xu et al. [30] with some minor modifications. In brief,
the biomass samples (0.5 g) were added into 10 mL H,S0, (1%, v/v) in 15 ml plastic centrifuge tubes,
mixed well, and autoclaved at 121°C for 20 min. After cooling down, the tubes were shaken at 150 rpm
and 50°C for 2 h, then centrifuged at 3,000 g for 5 min. The residues were washed with deionized water
until the pH of the washing fluid was approximately 7.0 and finally dried at 80°C overnight for plant cell
wall composition analysis. All samples were prepared in triplicate.

Biomass composition analysis

The cellulose and hemicellulose analyses were conducted by measuring the content of glucan and xylan
according to the methods described by Shrestha et al. [31]. The anthrone-sulfuric acid method [32] and
orcinol-hydrochloric acid method [33] were used for hexose and pentose content determination,
respectively. The Klason lignin analysis was performed by the method reported by Ibanez and Bauer [34].

Obtaining crude enzymes and enzyme assay

Each strain was inoculated (2%, v/v) in 50 ml of mineral salt medium (1.0 g L™ NaNO3, 1.0 g L™ K,HPO,,
1.0gL"KCI,0.5gL" MgS0,, 0.5g L yeast extract, and 3.0 g L' peptone) using 0.5% (w/v) corn stover
as the sole carbon source. The samples were incubated at 37°C, 200 rpm, and for 6 days. After harvesting
the culture, the samples were centrifuged at 12,000 g for 3 min. The supernatants were then taken as
crude enzymes for the analysis of CMCase and xylanase activity after sterile filtration using a 0.22-um
Millipore filter. The crude enzymes, including maximum CMCase and xylanase, were used for the
hydrolyzing experiments. The CMCase and xylanase activities were determined as described by Guo et al.
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[27], detecting the release of reducing sugars from CMC and xylan, respectively. The reducing sugar
content was measured by DNS methods [35].

Influences of temperature and pH on enzyme activities

The effect of temperature (40°C to 80°C with 5°C intervals) and the influence of pH (4 to 8 with 0.5
intervals) were studied. The buffer solutions used were pH 4-7 in a 0.05 M citrate buffer and pH 7.8-9.0
ina 0.05 M Tris-HCI buffer.

Enzymatic saccharification

Enzymatic saccharification of corn stover using different
strains

Crude enzyme extracts obtained from strains A0, CH20S1, and AS2B after 12 h of incubation were used
to saccharify pretreated corn stover. For each sample, 3.5 ml of crude enzyme extract was taken, adjusted
to a pH of 5, and diluted to 5 ml with 0.05 M sodium citrate buffer (pH 5). Enzymatic saccharification was
conducted by DCE containing 1% (w/V) pretreated corn stover and 0.005% sodium azide [14]. The
reaction mixture was incubated at 55°C with an agitation of 200 rpm for 72 h. The supernatants were
collected every 12 h to determine the amount of reducing sugars. In addition, 5.0 ml of DCE solution was
set as the control.

Enzymatic saccharification of corn stover using
commercial cellulase with crude enzymes

A commercial cellulase from Trichoderma reesei ATCC 26921 (Celluclast 1.5 L, Novozymes, Franklinton,
NC, USA) and the crude enzymes produced from strain CH20S1 were combined in three sets to study

enzymatic saccharification: 5.0 ml of DCE were added to 4, 8, and 12 FPU g dry biomass of commercial

cellulase. Also, 20 FPU g' of commercial cellulase without the crude enzyme extract was set as the
control group and the same amount of commercial cellulase for the hydrolysis was set at the maximum
as a reference to the previous report [36]. The measuring method was the same as described in section
2.6.1.

Statistical analysis

The statistical analysis was carried out by one-way analysis of variance (one-way ANOVA) using SPSS
(SPSS Inc., USA, version 13.0). The data are taken in triplicate and the values are mentioned in mean +
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standard deviation.

Results And Discussion

Characterization of corn stover before and after
pretreatments

The effects of different pretreatments on the glucan, xylan, and lignin content of the pretreated corn
stover are shown in Table 1 and suggest that both pretreatments can drastically change the cell wall
composition of corn stover.

Table 1

Composition of corn stover expressed as percentage of dry matter. Different letters indicate significant
differences (P < 0.05) among different pretreatments. Different letters indicate significant differences (P <
0.05) among different pretreatments.

Pretreatment Component (%)

Glucan Xylan Acid insoluble lignin
Non-pretreated 97 43+0.50° 18.91+1.132  21.13+1.45P

AHP 41.03+4.87° 2067+0.332 15.47+0.92°

HESOU 53.67+3.26% 16.69+0.76° 27.93+0.612

The raw material used in this investigation contained 46.34% total carbohydrate (27.43% glucan and
18.91% xylan) and 21.13% acid-insoluble lignin, which is consistent with that of the corn stover analyzed
by Liu et al., 2013 [37]. After the treatment of AHP, the content of lignin was 15.47%, which showed a
significant reduction compared to the raw material (P < 0.05), while the content of glucan significantly
increased by 49.58% with a slight rise of xylan (Table 1). In this study, 1% H,SO, pretreatment resulted in
a significant increase of glucan content (53.67%, P < 0.05) compared to that of the raw material, while the
xylan content significantly decreased to 16.69% (P < 0.05) (Table 1). In a previous study, the alkali
pretreatment removed most of the lignin by breaking hydrogen and other covalent bonds, leaving behind
a highly porous cell wall for better penetration of enzymes [38]. In contrast, acid pretreatment such as
H,S0, mainly induces the chemical conversion of xylan to xylose [39] which is soluble in acidic liquor
and hence removed from the solids after pretreatment. Thus, the acid-pretreated corn stover had a
reduced xylan content compared to non-pretreated corn stover (Table 1).

Production of CMCase and xylanase by A0, AS2B, and
CH20S1
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All three bacterial strains, A0, AS2B, and CH20S1, showed excellent CMCase and xylanase activity when
corn stover was used as the sole carbon source, and with a similar variation tendency (Fig. 1). After 12 h
of incubation, all tested strains secreted the majority of CMCase and xylanase into the medium. The

maximum CMCase activities for A0, AS2B, and CH20S1 were 2.11, 2.58, and 1.96 U ml”, respectively (Fig.
1A), while the highest corresponding xylanase activities were 20.26, 26.65, and 29.44 U ml™, respectively
(Fig. 1B).

Both CMCase and xylanase activity decreased rapidly after reaching peak values, possibly because the
CMCase and xylanase were degraded by proteolytic enzymes [40]. Previous studies have proven that
several Bacillus sp. strains can produce CMCase and xylanase and degrade cellulose and hemicellulose

[41, 42]. In addition, the maximum CMCase activity of the three strains studied here (1.96-2.58 U ml'1)
were all remarkably higher than the typical cellulase-producing Bacillus sp. strain (0.81 U mI™) previously
reported [43]. The highest increase in xylanase activity (29.44 U ml™) detected in this study was
significantly more than other Bacillus sp. strains (1.8-4.03 U ml ") and the fungal strain Aspergillus wentii

(8.1 Uml™) [44, 45]. The results indicate that corn stover containing rich cellulose and hemicellulose [46]
could effectively induce the production of cellulolytic enzymes in bacteria.

Optimal temperature and pH for enzymatic activities

The best hydrolytic performance of enzymes produced by the three strains was determined by the
influence of temperature and pH on enzyme activity. The optimal temperature for CMCase activity was
55°C for AO, AS2B, and CH20S1, however, the optimal temperatures for xylanase activity were 60°C, 50°C,
and 60°C, respectively (Fig. 2).

The optimal pH of CMCase and xylanase activity was 5.5 in A0, while for both AS2B and CH20S1 the
optimal pH was 5.0 (Fig. 3). These optimal temperature and pH conditions were consistent with the
CMCase and xylanase produced by some fungi and bacteria, with the optimal values ranging from 40°C
to 70°C and pH 4.0 to 6.5, respectively [47-49].

Saccharification of corn stover using bacterial crude
enzyme extracts

The crude enzymes extracted from the three strains in the current study exhibited different abilities to
release reducing sugars from pretreated and non-pretreated corn stover in the saccharification process
(Fig. 4). After 72 h of incubation, the DCE from the A0 strains hydrolyzed AHP and H,SO, pretreated and
non-pretreated corn stovers, and produced 63.27, 53.16, and 48.23 mg g™ reducing sugars, respectively.
Similarly, strain AS2B released 70.36, 53.89, and 52.27 mg g”' reducing sugars, respectively, and strain
CH20S1 produced 71.69, 63.89, and 55.24 mg g™ of reducing sugars, respectively (Fig. 4). When
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comparing these three strains, CH20S1 demonstrated an advantage of hydrolytic ability on AHP and
H,S0, pretreated and non-pretreated corn stovers and released the highest amount of reducing sugars.

The hydrolysis effects on pretreated materials were superior to non-pretreated materials, mainly because
of the fiber exposure of the materials after pretreatments [50]. Moreover, the yields of reducing sugars
released by DCE were 3.3-7.0 fold higher than that of the buffer solution alone (Fig. 4), demonstrating
that the addition of bacterial enzymes can significantly improve the hydrolysis of corn stover. However,
according to previous research [51], the contents of reducing sugars released from non-
pretreated/pretreated corn stover by commercial cellulase ranged from 100 to 400 mg g™, which is higher
than the results of this study.

Several enzymes, such as endoxylanases, B-xylosidases, and various accessory enzymes, are required in
abscission of bonded side groups to the main chain of substituted xylan [52]. Cellulolytic enzymes from
bacteria can hydrolyze CMC and xylan into reducing sugars, and the hydrolysis efficiency is limited to the
various lignocellulosic biomasses used as substrates [12, 53]. Furthermore, the types and activities of
enzymes induced by different biomasses differ greatly [53]. So, we can perhaps conclude that the
remarkably different hydrolysis effects between the crude bacterial enzymes and commercial cellulase
studied here could be due to the absence of some necessary hydrolytic enzymes for efficient hydrolysis
of lignocellulosic biomass in the bacterial crude enzyme extracts.

Comparison of effects of crude enzymes and commercial
cellulase on saccharification

To further explore the possibility of the practical application of bacterial enzymes in the industrial
production of bioethanol, more enzymatic saccharification experiments were performed by partially
replacing commercial cellulase with bacterial enzyme extracts. Strain CH20S1 was selected from the
three strains previously studied for its ability to hydrolyze corn stover, and 5.0 ml of DCE was added to
each treatment. The reducing sugar yields of each treatment group were markedly different (Fig. 5).

After 72 h of incubation, the contents of reducing sugars released from non-pretreated, AHP pretreated,
and H,S0, pretreated corn stovers by using 20 FPU g of commercial cellulase were 162.25, 260.08, and

317.60 mg g, respectively. The reducing sugar yield from other treatments are depicted in Fig. 5. The
maximum amount of reducing sugars obtained from non-pretreated raw materials was almost the same
as that of the pretreated corn stovers, which demonstrates these treatments were efficient in the
hydrolysis of corn stovers with or without pretreatments. Furthermore, these amounts were significantly
higher than the reducing sugar produced by using the crude enzymes from bacteria (Fig. 4) and confirms
our previous hypothesis that the crude enzyme extracts lack the necessary hydrolytic enzymes, which
might be supplemented by commercial cellulase.
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More importantly, for AHP pretreated corn stover, the treatments using commercial cellulase with crude
enzymes (260.08-320.65 mg g™') generally exhibited superior hydrolysis effects compared to the
treatment using 20 FPU g of commercial cellulase only. In addition, the content of reducing sugar
released by 4, 8, and 12 FPU g of commercial cellulase added to DCE declined with values of 320.65,
302.57,and 260.08 mg g™, respectively (Fig. 5B). These results illuminate a synergistic effect in the
enzymatic hydrolysis process of AHP pretreated corn stover when bacterial enzyme extracts were used to
partially replace the commercial cellulase. Furthermore, the synergistic effect increased with the
proportion of crude enzymes used in this study. According to previous research, the non-hydrolytic protein
isolated from fresh corn stover substantially increased both the hydrolysis rate of cellulose and the yield
of reducing sugar [54]. The addition of non-hydrolytic proteins was considered not only for enzyme
deactivation but also to loosen the tightly packed and highly ordered regions of the cellulose resulting in
more access for the cellulolytic enzymes to the cellulose [55, 56]. The water-soluble extracts of wheat
straw were recently proven to contain non-hydrolytic proteins and a promotional effect on the enzymatic
hydrolysis of pretreated wheat straw. The synergistic effect found in this study could therefore possibly
have been caused by the non-hydrolytic proteins contained in the crude enzyme extracts produced by
strain CH20S1 when corn stover was used as a carbon source. A similar synergistic effect appeared in
the enzymatic hydrolysis of non-pretreated corn stover, while the synergistic effect increased with the rise
in the proportion of commercial cellulase (Fig. 5A). Specifically, after 72 h of incubation, the yields of
reducing sugar from non-pretreated corn stover using 4, 8, and 12 FPU g™ of commercial cellulase with
DCE, were 181.73, 183.58, and 315.90 mg g™, respectively (Fig. 5A). The main reason for this increase
could be that the cell wall structure of non-pretreated corn stover was not damaged, thus requiring more
hydrolytic enzymes than pretreated corn stover [29]. In addition, the bacterial enzymes showed no
synergistic effect when commercial cellulase and H,SO, pretreated corn stover was used as the
substrate. The H,SO, pretreatment might generate inhibitors of the non-hydrolytic proteins in the reaction
mixture, while partial by-products of acidic pretreatment have been reported to promote deactivation of
proteins [57, 58]. Despite all this, our results suggest that partially replacing costly commercial enzymes
has the potential to be an economically friendly and efficient saccharification process in biofuel
production.

Conclusions

Significant synergies existed between the crude enzyme extracts from cellulolytic enzyme-producing
bacterial strain and commercial cellulase in the enzymatic hydrolysis of pretreated and non-pretreated
corn stover. Compared to using commercial cellulase only, the mixed enzymes used for saccharification
of AHP pretreated and non-pretreated corn stovers increased the reducing sugar content at most by
23.29% and 94.70%, respectively. Moreover, the highest amount of reducing sugars obtained from non-
pretreated corn stovers by mixed enzymes (315.90 mg g~ ') was almost as much from pretreated corn

stovers (317.60-320.65 mg g~ '). Therefore, commercial enzymes and pretreatment requirements could be
reduced to allow for more cost-effective production of bioethanol.
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CMCase (A) and xylanase (B) activity in strains A0, AS2B, and CH20S1 using corn stover as the substrate
in submerged fermentation with shaking for 144 h at 37°C. Bars indicate the standard deviation (n = 3).
The symbol * indicates a significant difference at P < 0.05.
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Figure 2

Effects of different temperatures on CMCase (A) and xylanase (B) activity. The temperature for enzymatic
activities ranges from 40°C to 80°C, and bars indicate the standard deviation (n = 3).
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Effects of pH on CMCase (A) and xylanase (B) activity. The pH for enzymatic activities ranges from 4 to
8, and bars indicate the standard deviation (n = 3).
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Figure 4

%. Bars indicate the standard deviation (n

), and H2S04 pretreated (C) corn stover using

crude enzymes produced by strains A0, AS2B, and CH20S1. Saccharification was performed at 55°C, pH

5.0, with 200 rpm for 72 h, using a substrate concentration of 1
3).

Saccharification of non-pretreated (A), AHP pretreated (B
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Figure 5

Saccharification of non-pretreated (A), AHP pretreated (B), and H2S04 pretreated (C) corn stover using
bacterial enzyme extracts with different additions of commercial cellulases. Saccharification was

performed at 55°C, pH 5.0, with 200 rpm for 72 h, using a substrate concentration of 1%. Bars indicate the
standard deviation (n = 3).
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