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Abstract Three pretreated corn stover (ammonia fiber expansion, dilute acid, and dilute
alkali) were used as carbon source to culture Trichoderma reesei Rut C-30 for cellulase and
xylanase production. The results indicated that the cultures on ammonia fiber expansion and
alkali pretreated corn stover had better enzyme production than the acid pretreated ones. The
consequent enzymatic hydrolysis was performed applying fungal enzymes on pretreated
corn stover samples. Tukey’s statistical comparisons exhibited that there were significant
differences on enzymatic hydrolysis among different combination of fungal enzymes and
pretreated corn stover. The higher sugar yields were achieved by the enzymatic hydrolysis of
dilute alkali pretreated corn stover.

Keywords Trichoderma reesei . Pretreated corn stover . Cellulase . Xylanase . Enzymatic
hydrolysis

Introduction

Lignocellulose such as agricultural crop residues represents one of the most abundant
renewable resources on the planet that provides an untapped resource for biofuel production
[1–4]. Annually, 1.3 billion tons of lignocellulosic residues are available for biofuels
production in the US [5]. It was estimated that approximate 80–90 billion gallons of biofuels
could be produced from the lignocellulosic residues, which could replace up to 40 % of the
national fuel consumption [5, 6]. In addition, lignocellulosic fuels as an alternative of fossil
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fuels could also reduce greenhouse gas emission, avoid competition with food resources,
stimulate rural economies, and provide a stable and secure source of energy production [7].

Enzymatic conversion of lignocellulose into fermentable sugars is one of the critical steps
for lignocellulosic biofuel production. It has been widely reported that most of lignocellulose
degrading enzymes are generated from fungal species such as Trichoderma reesei, Aspergillus
niger, and Phanerochaete chrysosporium etc. [8–10]. Among which, the filamentous fungus T.
reesei is a paradigm for commercial-scale production of cellulases and hemicellulases. Many
strategies have been developed to improve enzyme activity and production [11, 12]. It has been
reported that lignocellulose could be used as both inducer and substrate in the fermentation
processes for cellulase production to significantly improve enzyme yields [13–15]. Our previ-
ous study also indicated that T. reesei cultivation on alkali pretreated lignocellulose had better
cellulase/xylanase production than acid pretreated ones [16]. Enzymes from cultures on alkali
pretreated samples were superior at the enzymatic hydrolysis of alkali pretreated samples, and
enzymes from cultures on acid pretreated samples were good at hydrolysis of acid pretreated
samples.

In the current study, the production of cellulase/xylanase was examined on different
pretreated corn stover as carbon sources. The consequent enzymatic hydrolysis applying
fungal enzyme complexes on pretreated corn stover samples was conducted in order to
elucidate the relationship of fungal enzyme production, enzymatic hydrolysis, and different
pretreatment methods.

Material and Methods

Substrates and Carbon Sources

The corn stover of yellow dent corn (zea mays indenata) was collected from a private farm at
Muir, Michigan (43.005965, 84.975343) in October 2009. It was air-dried and ground using
a mill (Willey Mill, standard model no. 3, Arthur H. Thomas, Philadelphia, PA) with 4 mm
size opening at the MSU Crop and Soil Science Teaching and Research Field Facility. Three
pretreatment methods (ammonia fiber expansion (AFEX), dilute alkali, and dilute acid) were
applied on corn stover. The AFEX corn stover was pretreated in a high-pressure reactor
under 130 °C and 15 min with a liquid ammonia-to-biomass ratio of 1:1(w w−1). At the end
of 15 min, the pressure was reduced to atmospheric level. The pretreated biomass was left
under a fume hood overnight to ensure the residual ammonia being volatized. For dilute acid
and dilute alkali pretreatment, sulfuric acid or sodium hydroxide at 1 % (w w−1), reaction
temperature of 120 °C, and pretreatment time of 2 h was applied, respectively. The
pretreated corn stover was washed three times using deionized water. The washed corn
stover samples were stored in a 4 °C refrigerator for further uses. The composition of
pretreated corn stover were determined and exhibited in Table 1.

Table 1 Chemical compositions
of differently pretreated corn
stover

Substrates Cellulose (%) Hemicellulose (%) Lignin (%)

AFEX corn stover 34.8 21.4 11.00

Alkali treated
corn stover

53.1 23.0 5.5

Acid treated
corn stover

59.9 0.2 19.74
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Microorganism and Inoculum Preparation

The filamentous fungus T. reesei Rut C-30 (ATCC 56765) was obtained from the American
Type Culture Collection (Manassas, VA). According to a previous study [17], the fungus
was cultured on potato dextrose agar slants at 28 °C for 7 days to accumulate spores. The
mature spores were then washed and suspended with sterilized distilled water and stored at
4 °C. One milliliter of spore suspension (1×109 spores mL−1) was inoculated into 50 mL of
potato dextrose broth medium in a 125 mL Erlenmeyer flask and cultured at 27 °C for 24 h
on a rotary shaker at shaking speed of 2.32 Hz to obtain the inoculum.

Enzymes Production

Two types of media, chemical defined medium and media with three pretreated corn stover
as carbon sources, were used for T. reesei culture to demonstrate the effects of the pretreated
corn stover on cellulase and xylanase production. The chemical-defined medium was
modified based on Mandels’ medium [10] including 10 g L−1 of glucose, 10 g L−1 lactose,
10 g L−1 cellulose (Sigma 310697), 10 g L−1 xylan (Sigma 9014-63-5), 0.3 g L−1 yeast
extract (Acumedia 7184A), 0.75 g L−1 peptone (Sigma P5905), 15 g L−1 KH2PO4 (J.T.
Baker 3246), 5 g L−1 (NH4)2SO4 (CCI 0555AL), 1.23 g L−1 MgSO4⋅7H2O (J.T. Baker
2500), 0.8 g L−1 CaCl2⋅2H2O (J.T. Baker 1332), 4 g L−1 CaCO3 (Sigma 310034), 0.5 g L−1

Tween (Sigma P1754), 0.0027 g L−1 of FeSO4⋅7H2O (Sigma F8048), 0.0016 g L−1 of
MnSO4⋅H2O (Sigma M7634), 0.0014 g L−1 ZnSO4⋅7H2O (Sigma 221376), and 0.0036 g L−1

CoCl2⋅6H2O (Sigma 255599). The media with pretreated corn stover were composed of
15 g L−1 pretreated corn stover (from Section Substrates and carbon sources) to replace
carbon substrates in the chemical-defined medium (glucose, cellulose, xylan, yeast extract,
and peptone). Four grams per liter of calcium carbonate was used as pH buffer. Two grams
per liter (dry basis) seed was inoculated into 100 mL sterilized medium in 250 mL Erlen-
meyer flask to carry out the culture on a rotatory shaker (Thermal Scientific) at 2.33 Hz, and
the temperature was maintained at 27 °C. Cellulase/xylanase activities were monitored
during the course of cultivation till 96 h. After fermentation, the broth was centrifuged at
2,000 g for 5 min. The supernatant was kept as the enzyme solution for further enzymatic
hydrolysis.

Enzymatic Hydrolysis

Cellulase/xylanase from section Enzymes production was used to carry out enzymatic
hydrolysis of three pretreated corn stover by a completely randomized design with two
replicates. A commercial enzyme (Accellerase 1500, Genencor, Palo Alto, CA) was used as
the control. Wet pretreated samples (2 g dry matter) from section Substrates and carbon
sources were mixed with deionized water to make 20 g mass in 125 mL Erlenmeyer flasks
and autoclaved. After cooling down, 5 U cellulose per gram dry fiber (equivalent to 10 FPU
per gram dry fiber) and sterilized 0.05 mol L−1 citrate buffer (pH 4.8) were added into the
flasks to make 40 g slurry (solid concentration was 5 % (w w−1)). Each flask was placed on
an incubator at 2.33 Hz and 50 °C. The enzymatic hydrolysis was done at 48 h. After
hydrolysis, the samples were removed from the shaker and put on ice to stop the reaction; the
hydrolysate was separated by centrifugation at 4,000 g for 5 min to obtain a clear sugar
solution, which was then filtered through a 0.22 μm polyethersulfone membrane filter
for HPLC analysis. The clear enzymatic hydrolysate solutions were stored at 4 °C for
further use.
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Analytical Methods

The pretreated corn stover samples were analyzed for cellulose, xylan, and lignin content
according to the National Renewable Energy Laboratory’s analytical procedure for determina-
tion of structural carbohydrates and lignin in biomass [18]. Cellulase and xylanase activity was
analyzed as previously reported [16].

Cellobiose, glucose, xylose, and mannose in the enzymatic hydrolysate and fermentation
broth were determined by high-performance liquid chromatography (Shimadzu Prominence,
Kyoto, Japan), equipped with a Bio-Rad Aminex HPX-87P analytical column and a
refractive index detector. The mobile phase was e-pure water from Barnstead E-pure Water
System at a flow rate of 0.6 mL min−1. The column temperature was 60 °C.

Statistical Analysis

A general linear model using R software (R version 2.15.0, Vienna, Austria) was applied to
the experimental data in order to perform an analysis of variance (ANOVA) and multiple
comparisons. Tukey’s test, using a comparison-wise type I error rate of 0.05, was adopted to
compute honestly significant differences among different carbon sources regarding enzymes
production and enzymatic hydrolysis.

Results and Discussion

Enzyme Production

The T. reesei culture with 15 g L−1 pretreated corn stover (AFEX treatment, dilute alkali
treatment, and dilute acid treatment) as carbon sources were compared with the culture on a
chemical-defined medium to evaluate the effects of pretreated corn stover on cellulase and
xylanase production (Fig. 1). At the end of the culture period of 96 h, the highest cellulase
production was obtained from AFEX pretreated corn stover medium (0.93 U mL−1), follow-
ed by chemical-defined medium (0.88 U mL−1), dilute alkali pretreated corn stover medium
(0.8 U mL−1), and then dilute acid pretreated corn stover medium (0.74 U mL−1) (Fig. 1a).
However, ANOVA analysis indicated that there was no statistically significant difference in
terms of cellulase production at type I error of 0.05. As for xylanase activity, AFEX and alkali
pretreated corn stover generated equivalent xylanase activities of 2.03 and 2.04 U mL−1,
respectively (p>0.05), which were significantly higher than the xylanase produced from acid-
pretreated corn stover medium (1.51 U mL−1) (p<0.05) (Fig. 1b). Xylanase activities from
chemical-definedmediumwere generally better than those from acid-pretreated stover medium,
but worse than those from AFEX and dilute alkali pretreated stover media.

Compared with AFEX and dilute alkali pretreated corn stover, the culture on dilute acid
pretreated corn stover had less cellulase and xylanase production at the end of the 96-h
culture (Table 2). The reduced lignin content (Table 1), swelled fiber, and increased internal
surface area in dilute alkali and AFEX pretreated corn stover [7] could be the reasons that
made more cellulose and hemicellulose available to enhance the growth of the organism and
induce synthesis of the related enzymes. In addition, acid pretreatment removed most of
hemicellulose in the corn stover, while AFEX and dilute alkali pretreatment only removed
part of hemicellulose (Table 1). Less hemicellulose led to the lack of xylanase inducer in the
acid pretreated corn stover, which could be another cause that acid pretreated corn stover
produced less xylanase.
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Cellulase and xylanase production by T. reesei in the four media varied during culture
(Fig. 1). Cellulase production from dilute acid and AFEX pretreated corn stover continu-
ously increased in 96-h culture period, and the cellulase activities reached 0.74 and
0.93 U mL−1, respectively, at the end of the culture. Whereas the highest cellulase activities
from chemical-defined and dilute alkali media of 1.02 and 0.85 U ml−1 were achieved at 72 h
(Fig. 1a). The cellulase activities then leveled off with increase of the culture time. The
chemical-defined medium had more mono-sugars and other available carbon sources than

Table 2 Enzyme activities at the
end of the 96 h culturea

aData are the average of
duplicates

Substrates Cellulase (U mL-1) Xylanase (U mL-1)

Chemical-defined medium 0.88 1.77

AFEX treated corn stover 0.93 2.03

Alkali treated corn stover 0.80 2.04

Acid treated corn stover 0.75 1.52

(a) Cellulase

(b) Xylanase
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Fig. 1 Fungal cellulase (a) and
xylanase (b) production on
pretreated corn stover. The
cellulase and xylanase activities
were the average of replicates
with standard error
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the media with pretreated corn stover, which facilitated fungal metabolism of cellulase
production and reached the highest enzyme activity in a shorter culture time. As for the
cultures on pretreated corn stover, it has been reported that the oligosaccharide formation
during cellulose hydrolysis of fungal cultivation plays an important role in cellulase induc-
tion [19]. Gradually releasing oligosaccharides during fungal cultivation on pretreated corn
stover would lead to a slow induction of cellulase production, which could be a reason that
the cellulase activities generally kept increasing with a lower productivity during the culture
course. However, xylanase production exhibited different pattern from cellulase production.
Xylanase activities of all cultures were peaked at 72 h (Fig. 1b). The highest xylanase
activities of acid pretreated corn stover, chemical defined, alkali pretreated corn stover, and
AFEX corn stover were 1.74, 2.10, 2.34, and 2.55 U mL−1 (Fig. 1b). As aforementioned,
xylan content in the media played an important role on xylanase activity. Generally, less
xylan in the acid pretreated corn stover led the less xylanase activities during the fungal
cultivation.

Enzymatic Hydrolysis

Hydrolysis performance of the enzymes obtained from different media was evaluated by
applying them back on the pretreated corn stover samples (AFEX, dilute alkali, and dilute
acid pretreated corn stover) (Table 3). The enzymes from AFEX and dilute alkali pretreated
corn stover media produced more sugars on all pretreated corn stover samples than the

Table 3 Sugars from enzymatic hydrolysis using Accellerase 1500 and enzymes derived from culture on
differently pretreated corn stover d, e

Substrate Enzyme source Cellobiose
(g/L)

Glucose
(g/L)

Xylose
(g/L)

Galactose
(g/L)

Arabinose
(g/L)

AFEX-treated
corn stover

Enzyme (AFEX)a 7.40 6.63 6.61 0.16 0.99

Enzyme (alkali)b 6.46 6.21 6.88 0.16 1.01

Enzyme (acid)c 4.50 6.48 4.88 0.00 0.86

Chemical defined 5.41 4.50 5.13 0.11 0.47

Accellerase 1500® 1.66 12.86 2.73 0 0.42

Alkali-treated
corn stover

Enzyme (AFEX)a 12.64 14.83 12.94 0.13 0.99

Enzyme (alkali)b 11.68 16.47 12.68 0.13 1.01

Enzyme (acid)c 8.04 15.02 9.06 0.00 0.90

Chemical defined 16.27 10.96 11.28 0.10 0.52

Accellerase 1500® 0.95 19.60 5.05 0 0.30

Acid-treated
corn stover

Enzyme (AFEX)a 14.69 6.04 1.25 0.00 0.00

Enzyme (alkali)b 14.37 5.52 1.30 0.00 0.00

Enzyme (acid)c 12.05 6.68 0.99 0.00 0.00

Chemical defined 12.92 3.06 0.88 0.10 0.00

Accellerase 1500® 0.00 20.95 1.01 0.00 0.00

a Enzyme (AFEX) is the enzymes from culture on AFEX-treated corn stover
b Enzyme (alkali) is the enzymes from culture on alkali-treated corn stover
c Enzyme (acid) is the enzymes from culture on acid treated corn stover
d 5 % (w/w) solid concentration and 5 U cellulase/g fiber (all based on dry matter), incubated at 50 °C for 48 h
e Data presented are the average of duplicates

1050 Appl Biochem Biotechnol (2014) 172:1045–1054



enzymes from the chemical-defined medium. AFEX and dilute alkali pretreated corn stover
had higher conversion for all enzymatic hydrolysis than the acid pretreated corn stover
(Fig. 2).

(a) AFEX treated corn stover

(b) Alkali treated corn stover
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Fig. 2 Enzymatic hydrolysis of
pretreated corn stover using en-
zymes from different cultures
media (a). AFEX pretreated corn
stover (b). Alkali pretreated corn
stover (c). Acid pretreated corn
stover. Enzyme from AFEX
treated corn stover meant
enzyme was produced using
AFEX pretreated corn stover
as a substrate. Accellerase 1500
was a commercial cellulase.
Enzyme from alkali-treated
corn stover meant enzyme was
produced using dilute alkali
pretreated corn stover as a
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enzyme was produced using
dilute acid pretreated corn stover
as a substrate. The enzymatic
conversion were the average of
replicates with standard error
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Tukey’s multiple comparison was used to interpret the differences of enzymatic hydro-
lysis on pretreated corn stover. For the hydrolysis of AFEX pretreated corn stover, ten
groups of glucan conversion between five enzymes were compared. Significant differences
were found between nine groups (p<0.01) except the group of enzymes derived from AFEX
pretreated corn stover and Accellerase 1500 (p>0.05) (Fig. 2a, Table 4). The enzymes
produced from AFEX, dilute alkali, and dilute acid pretreated corn stover presented better
glucan conversion on AFEX pretreated corn stover than the enzyme from chemical-defined
medium. Moreover, ten comparison groups of xylan conversion demonstrated that enzymes
from AFEX, dilute alkali, dilute acid pretreated corn stover, and chemical-defined medium
had better hydrolysis performance (p<0.05) than Accellerase 1500 (Fig. 2a, Table 5). There
was no significant (p>0.05) difference on xylan conversion of AFEX pretreated corn stover
between the enzymes from chemical-defined medium and from acid pretreated corn stover
medium (Table 5). Xylan conversion using the enzyme from AFEX pretreated corn stover
and the enzyme from alkali pretreated corn stover were significantly (p<0.05) higher than
the enzymes from chemical-defined medium and acid-treated corn stover medium. There
was also no significant difference on xylan conversion of AFEX-treated corn stover between
two enzymes from alkali and AFEX-treated corn stove medium (p>0.05) (Table 5).

As for enzymatic hydrolysis of dilute alkali pretreated corn stover, no matter what kinds
of enzyme was used, glucose concentration from enzymatic hydrolysis of dilute alkali
pretreated corn stover were higher than those from AFEX and dilute acid pretreated corn
stover (Table 3). In terms of both glucan and xylan conversion, all enzymes from treated
corn stover and chemical-defined medium performed significantly (p<0.05) better than
Accellerase 1500 (Fig. 2b, Tables 4 and 5). Based on the enzyme activity measurements,
the activity ratio of xylanase and cellulase in Accellerase 1500 (0.65) was much lower than
the enzymes from pretreated corn stover and chemical-defined medium (2.0–2.5). The

Table 4 Glucan conversion of differently pretreated corn stover using different enzyme complexes

Comparison groups for glucan conversion AFEX Dilute
alkali

Dilute
acid

Enzyme from acid mediuma–Accellerase 1500 <0.0001 <0.05 <0.05

Enzyme from AFEX mediumb–Accellerase 1500 >0.05 <0.001 >0.05

Enzyme from alkali mediumc–Accellerase 1500 <0.001 <0.001 >0.05

Enzyme from Chemical mediumd–Accellerase 1500 <0.00001 <0.001 <0.001

Enzyme from AFEX medium–Enzyme from acid medium <0.0001 <0.01 <0.05

Enzyme from alkali medium–Enzyme from acid medium <0.001 <0.01 >0.05

Enzyme from chemical medium–Enzyme from acid medium <0.01 <0.01 <0.01

Enzyme from alkali medium–Enzyme from AFEX medium enzyme <0.001 >0.05 >0.05

Enzyme from chemical medium–Enzyme from AFEX medium enzyme <0.0001 >0.05 <0.001

Enzyme from chemical medium–Enzyme from alkali medium <0.0001 >0.05 <0.01

a Enzyme from acid medium indicated enzyme complex was produced from the medium using dilute acid
pretreated corn stover as carbon source
b Enzyme from AFEX medium indicated enzyme complex was produced from the medium using AFEX
pretreated corn stover as carbon source
c Enzyme from alkali medium indicated enzyme complex was produced from the medium using dilute alkali
pretreated corn stover as carbon source
d Enzyme from chemical medium indicated enzyme complex was produced from the chemical defined
medium
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synergistic action of cellulase and xylanase in the enzymes might contribute to the better
hydrolysis performance.

Dilute acid pretreated corn stover was the only substrate that contains a negligible amount
of xylan and was therefore a suitable substrate to investigate the conversion efficiency of
cellulases from different culture media. The data in Fig. 2c showed that there was no
significant difference between the enzymes from AFEX pretreated corn stover, dilute alkali
pretreated corn stover medium, and Accellerase 1500 (p>0.05). However, there was significant
difference between Accellerase 1500 and the enzymes from chemical-defined medium or dilute
acid pretreated corn stover medium (p<0.05) (Table 4). The results demonstrated that the
enzymes from AFEX and dilute alkali pretreated corn stover exhibited better performance on
the enzymatic hydrolysis of dilute acid pretreated corn stover than the enzymes from chemical-
defined medium or dilute acid pretreated corn stover medium.

Conclusions

Cellulase and xylanase were produced by T. reesei with four different substrates. The
statistical analysis showed that the cellulase production was independent of the substrates,
while xylanase production was dependent on the substrates. In terms of both cellulase and
xylanase production, dilute acid pretreated corn stover was considerably less efficient
substrate than AFEX and dilute alkali pretreated corn stover. Although different enzymes
had different hydrolysis performance on pretreated corn stover, the enzymes from the media
with AFEX and dilute alkali pretreated corn stover again demonstrated superior performance
on glucan and xylan conversions compared to dilute acid treated corn stover. These results
concluded that AFEX and dilute alkali pretreatment have great potential on biological
conversion of corn stover for fuel and chemical production.

Table 5 Xylan conversion of differently pretreated corn stover using different enzyme complexes

Comparison groups for xylan conversion AFEX Dilute alkali

Enzyme from acid mediuma–Accellerase 1500 <0.001 <0.001

Enzyme from AFEX mediumb–Accellerase 1500 <0.0001 <0.001

Enzyme from alkali mediumc–Accellerase 1500 <0.0001 <0.001

Enzyme from Chemical mediumd–Accellerase 1500 <0.0001 <0.001

Enzyme from AFEX medium–Enzyme from acid medium <0.001 <0.01

Enzyme from alkali medium–Enzyme from acid medium <0.001 <0.01

Enzyme from chemical medium–Enzyme from acid medium >0.05 <0.01

Enzyme from alkali medium–Enzyme from AFEX medium enzyme >0.05 >0.05

Enzyme from chemical medium–Enzyme from AFEX medium enzyme <0.001 <0.05

Enzyme from chemical medium–Enzyme from alkali medium <0.001 <0.05

a Enzyme from acid medium indicated enzyme complex was produced from the medium using dilute acid
pretreated corn stover as carbon source
b Enzyme from AFEX medium indicated enzyme complex was produced from the medium using AFEX
pretreated corn stover as carbon source
c Enzyme from alkali medium indicated enzyme complex was produced from the medium using dilute alkali
pretreated corn stover as carbon source
d Enzyme from chemical medium indicated enzyme complex was produced from the chemical defined medium
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