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Abstract - The high cost of the enzymes used for the hydrolysis of lignocellulosic biomass is one of the bottlenecks 
in the production of second-generation ethanol and the use of local biomass, such elephant grass, can help to reduce 
this cost. In this investigation elephant grass biomass was evaluated as a carbon and inducer source of production of 
cellulases and xylanases by the fungus Penicillium echinulatum strain 9A02S1 in solid-state cultivation. The highest 
filter paper activity (13.26 U.g-1 dry matter) and β-glucosidase activity (138.34 U.g-1 dry matter) were obtained on the 
fifth day of cultivation, in medium containing biomass pre-treated with sulfuric acid and untreated, respectively.  The 
highest endoglucanase activity was 158.44 U.g-1 dry matter in the presence of elephant grass pre-treated with sulfuric 
acid. The xylanase activity was highest with medium that was formulated with 75% untreated elephant grass and 25% 
wheat bran (372.62 U.g-1 dry matter). In conclusion, the results showed that it is possible to obtain large amounts of 
cellulases and xylanases using a cosmopolitan and very low cost substrate such as elephant grass.

Keywords: cellulases; xylanases; elephant grass; pre-treatment; solid-state cultivation.

INTRODUCTION

Ethanol is mostly produced from sugar and starch 
feedstocks; however, the interest in using biomass and 
bioenergy has been initiated due to the recognition that 
the global crude oil reserve is finite, and its depletion is 
occurring much faster than previously predicted  (Bai 
et al., 2008; Macedo et al., 2013; Scholl et al., 2015a). 
Lignocellulosic materials have a high potential for ethanol 
production, do not compete with food production, could 
lead to the use of large quantities of agroindustrial wastes 
and could use marginal or degraded agricultural lands for 

growing energy crops (Eliana et al., 2014; Idrees et al., 
2014). 

In this context, the species Pennisetum purpureum, 
known as elephant grass, has been considered a new 
alternative for energy crops, and this species is expected 
to provide abundant and sustainable resources for biofuel 
production (Scholl et al., 2015a; Xie et al., 2011). Another 
interesting aspect of elephant grass is its productivity, 
which results in the production of 45 tons of dry mass 
per hectare per year. The production of sugar cane and 
corn is approximately 22 tons (sugar and bagasse) and 13 
tons (grain and stover), respectively (Scholl et al., 2015a; 
Somerville et al., 2010).
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For ethanol production, an enzymatic hydrolysis step is 
required; moreover, the crucial step in the lignocellulosic 
bioconversion to biofuels is the cost-effective maximisation 
of cellulose and hemicellulose saccharification to 
fermentable sugars. A continuing challenge is the 
high cost of the enzymes involved in saccharification 
of the cellulosic components (Ogeda & Petri, 2010). 
Hemicellulose components are known to exert a significant 
influence on the effectiveness of the enzymatic hydrolysis 
of the cellulosic components (Várnai et al., 2010). In 
this context, several studies have suggested cocktails for 
the effective enzymatic degradation of lignocellulosics 
(Banerjee et al., 2010). Enzymes are produced by various 
microorganisms and mixtures. However the enzymes that 
are required in higher amount are cellulase and xylanase, 
since cellulose, the principal constituent of plant biomass, 
can be hydrolyzed by the action of endogluconases, 
cellobiohydrolases and β-glucosidases. Composed mainly 
of D-xylose, xylan is the most common hemicellulose and 
it is the second most abundant biopolymer found in nature. 
Xylanase is the major component of a group of enzymes, 
and acts by depolymerizing the xylan molecules into 
monomers (Padilha et al., 2015; Reis et al., 2015). Because 
of the complex composition of elephant grass, several 
enzymes are required for the enzymatic hydrolysis of the 
biomass to allow the release of reducing sugars.

Among the many microorganisms that produce both 
cellulases and xylanases are the mutant strains of Penicillium 
echinulatum (Dillon et al., 2006). These mutants produce a 
cellulolytic enzyme complex that is stable at 50°C, which is 
the relevant condition for the application of these enzymes 
for enzymatic hydrolysis (Camassola et al., 2004). These 
mutants also contain β-glucosidase activity that is present 
in a greater proportion than in Trichoderma reesei (Martins 
et al., 2008). 

Moreover, the conduction of enzyme production is 
important. Solid-state cultivation is a process in which an 
insoluble substrate is fermented with sufficient moisture 
but without free water (Camassola & Dillon, 2007). The 
use of solid-state cultivation as an enzyme production 
method may offer economic and engineering advantages 
over the classical submerged cultivation method. These 
advantages include a high concentration of the product, 
the use of simple cultivation equipment, low effluent 
generation and limited requirements for aeration and 
agitation during enzyme production (Camassola & Dillon, 
2010; Viniegra-González et al., 2003). This method also 
employs agricultural residues in natura, which helps to 
prevent environmental impacts that are caused by the 
accumulation of these residues (Camassola & Dillon, 
2010). 

Pre-treatments aim to disrupt the lignocellulosic matrix, 
reducing the amount of or modifying the structure of lignin 
and hemicellulose, and changing the crystalline structure 
of cellulose to make it more susceptible to enzymatic 

attack (Guilherme et al., 2015). These modifications also 
contribute to the development of microorganisms favoring 
the production of enzymes (Scholl et al., 2015b). Pre-
treatments with acids, such as sulfuric, nitric or hydrochloric 
can solubilize hemicelluloses, exposing the cellulose to 
enzymatic attack, while alkaline pretreatments remove 
lignin and reduce the degree of cellulose crystallinity  
(Guilherme et al., 2015). 

In this context, the objective of this study was to 
evaluate the production of cellulases and xylanases by P. 
echinulatum through solid-state cultivation using low cost 
biomass, untreated or pre-treated elephant grass. These 
enzymatic complexes are required for the hydrolysis 
of lignocellulosic materials with the aim of ethanol 
production.

MATERIALS AND METHODS

Microorganism

The cellulolytic mutant P. echinulatum 9A02S1 (DMS 
18942) was used in this study. This strain was obtained by 
exposing the wild type P. echinulatum 2HH to ultraviolet 
light (UV) and hydrogen peroxide (H2O2) (Dillon et al., 
2006). The strain is stored in the culture collection of 
the Enzymes and Biomass Laboratory at the Institute 
of Biotechnology in Caxias do Sul, Rio Grande do Sul, 
Brazil. The strain was grown on C-agar slants (Dillon et 
al., 2006) for up to 7 days at 28°C until conidia formed and 
were then stored at 4°C until use.

Substrate and Pre-treatments

The elephant grass samples were collected in the city of 
Nova Petrópolis, Rio Grande do Sul, Brazil. Plant cutting 
was carried out six months after planting. This material 
was initially dried at 60°C for 3 days and then triturated 
with a forage chopper obtaining a particle size between 
200 and 4 mesh. 

Pre-treatments were then carried out according to 
Menegol et al. (2014). Physical pre-treatment occurred 
in an autoclave at 120 ºC for 15 min at a 1:4 solid/liquid 
ratio. For the chemical pre-treatment, samples were pre-
treated with sodium hydroxide solutions (2%, 3%, 4% and 
6% w/v), sulfuric acid (5% and 10% v/v) and ammonium 
hydroxide (10% and 20% v/v) at a 1:4 solid/liquid ratio. 
These mixtures were then autoclaved at 120 ºC for 15 min. 
After pre-treatments, the biomass was washed with tap 
water until a neutral pH. Then, a fraction of the substrate 
was dried to determine the moisture, and the material was 
used in the assays of enzymatic production.

Enzyme production

Elephant grass biomass and wheat bran were used as 
the support and main carbon sources. The culture media 
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consisted of mixtures of wheat bran and elephant grass. 
The enzyme production was initially tested with a 50% 
substitution of wheat bran with elephant grass that was 
untreated or pre-treated by different methods, and then 
75% and 100% substitution of wheat bran for elephant 
grass. Control samples were composed of 100% wheat 
bran. The experiments were conducted in flasks with 
a 12×3 cm concave base; the flasks were closed with a 
gauze-covered cotton wool plug that contained 1 g of dry 
mass of production media and 1 mL of basal salt solution 
(Mandels & Reese, 1957) that contained (g.L-1): KH2PO4, 
20; (NH4)2SO4, 13; CO(NH2)2, 3; MgSO4·7H2O, 3; CaCl2, 
3; FeSO4·7H2O, 0.05; MnSO4·H2O, 0.0156; ZnSO4·7H2O, 
0.014; CoCl2, 0.002.

All of the flasks were autoclaved at 1 atm for 20 min. 
Each flask was then inoculated with a sufficient conidial 
suspension to give a final concentration of 1×106 conidia 
per gram of dry mass of production media. The moisture 
of the media was adjusted to 67% by the addition of sterile 
distilled water. The flasks were incubated in a chamber 
at 28°C with 90% of air relative humidity during five 
days. Experiments were carried out with three replicates 
for the same strains for each incubation time. To extract 
the enzymes after incubation, the contents of each flask 
were separately added to a 125 mL-Erlenmeyer flask that 
contained 10 mL of distilled water. The pH was measured, 
and 17 mL of 0.05 mol.L-1 citrate buffer (pH 4.8) was 
added, mixed, incubated under agitation for 30 min at 
4°C and filtered. The filtrate was assayed for enzymes as 
described below.

Enzyme assays

Enzyme activities were analysed on filter paper (Filter 
Paper Activity, FPA) according to Camassola & Dillon 
(2010) and Ghose (1987). β-glucosidase activity was 
determined using 4-nitrophenyl β-D-glucopyranoside as the 
substrate according to (Daroit et al., 2008). Endoglucanase 
activity was determined according to Ghose (1987) using 

2% (w/v) carboxymethylcellulose solution in citrate buffer. 
Xylanase activity was determined using 1% (w/v) xylan 
from oat spelts solution according to Bailey et al. (1992). 
The reducing sugar was estimated as either xylose or 
glucose equivalents by using the 3,5-dinitrosalicylic acid 
(DNS) method according to Miller (1959).

One unit (U) of enzyme activity was defined as the 
amount of enzyme required to liberate 1 µmol of reducing 
sugar from the appropriate substrates per min under the 
assay conditions. The enzymatic activities are expressed as 
units per gram (U.g-1) of dry medium.

Determination of mycelial mass, total soluble protein 
and pH determination

Mycelial mass was estimated with N-acetylglucosamine 
according to Novello et al. (2014). The total soluble protein 
was determinaed according to Bradford (1976). The pH 
was determined with an Orion 420A pH meter. 

RESULTS AND DISCUSSION

Solid-state cultivations were performed using different 
proportions of untreated or pre-treated elephant grass 
and wheat bran to monitor the secretion of cellulases and 
xylanases by P. echinulatum 9A02S1. The control culture 
was formulated with 100% wheat bran. The wheat bran 
was used in the production of these enzymes as a nutrient-
rich substrate to provide the appropriate conditions 
for cellulases and xylanases production. According to 
Archana & Satyanarayana (1997), hydrolysed wheat bran 
contains significant amounts of soluble sugars that are 
required for the growth of the microorganisms, including 
42.5% glucose, 15.4% xylose, 3.1% arabinose and 2.7% 
galactose. Untreated elephant grass composition in sugars 
is 35.97% glucose, 15.15% xylose and 5.36% arabinose 
(Menegol et al., 2014).

In this work, enzyme production was initially tested 
with a 50% substitution of wheat bran with elephant grass 
that was untreated or pre-treated by different methods 
(Figures 1–3), and then 75% and 100% substitution of 
wheat bran for elephant grass (Table 1).

Table 1. Comparisons of enzyme activities in media formulated with different proportions of untreated or pre-treated elephant grass and 
wheat bran in solid-state cultivation.

Endoglucanase
(U.g-1)

FPA
(U.g-1)

β-glucosidase
(U.g-1)

Xylanase
(U.g-1)

(7.5) untreated EG: (2.5) WB 84.89±3.84 7.91±0.73 87.86±0.73 372.62±37.62
(7.5) H2O 121ºC: (2.5) WB 52.36±0.67 4.10±0.05 23.53±3.85 243.40±21.94
(10) H2O 121ºC 23.65±2.98 2.32±0.40 * 128.05±0.46
(7.5) 2% NaOH EG: (2.5) WB 33.34±5.00 3.79±0.39 77.44±0.40 140.20±4.31
(10) 2% NaOH EG 23.04±1.20 1.71±0.22 41.80±0.58 84.02±5.09
(7.5) 20% NH4OH EG: (2.5) WB 68.59±1.30 8.60±1.39 79.97±0.56 264.48±19.70
(10) 20% NH4OH EG 72.20±4.06 5.61±0.29 75.16±2.37 146.22±4.00
(7.5) 5% H2SO4 EG: (2.5) WB 58.81±0.93 8.46±0.66 86.33±0.20 243.75±17.46
(10) 5% H2SO4 EG 26.75±1.01 1.80±0.46 35.07±3.92 97.73±13.17
(10) untreated EG 72.20±4.07 8.13±0.09 87.66±1.07 349.67±23.97
(10) WB 79.28±3.09 4.14±0.23 81.14±1.80 261.02±9.26

* Value less than  5 U.g-1.
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EG: elephant grass; WB: wheat bran. The numbers 
that are shown inside the brackets in the legend indicate 
the proportion of each component that was used. The 
percentages indicate the concentrations of the solutions 
that were used in the pre-treatment.

Endoglucanase

The cultures formulated with 50% untreated elephant 
grass and 50% wheat bran ((5) untreated EG:(5) WB) 
showed a peak endoglucanase activity of 135.55 ± 9.07 U.g-

1. Endoglucanase values decreased during the remaining 
days of cultivation. The cultures with 50% elephant grass 
pre-treated with sulfuric acid displayed activities that 
increased and reached a maximum value of 142.32±3.89 
U.g-1 for elephant grass pre-treated with 5% (w/v) H2SO4 
and 158.44±9.79 U.g-1 for elephant grass pre-treated with 
10% (w/v) H2SO4 after five days of cultivation. Elephant 
grass pre-treated with sulfuric acid has induced the greater 
production of these enzymes. This may be explained by 

the fact that the cultures formulated with elephant grass 
pre-treated with sulfuric acid showed a more significant 
reduction in pH. The control samples with 100% wheat 
bran showed two peaks of activity, which were on the 
second and fourth days of cultivation with enzyme 
activities of 72.42±2.48 U.g-1 and 79.28±3.09 U.g-1, 
respectively. Deschamps et al. (1985) observed similar 
activities (198 U.g-1) using Trichoderma harzianum that 
had been grown on straw and wheat bran. When 75% and 
100% substitutions were tested, endoglucanase activity 
decreased in relation to 50% substitution. However, the 
media with 75% untreated elephant grass and 25% WB 
provided enzyme activity superior to the control with 
100% wheat bran (84.89±3.84 U.g-1). 

Filter Paper Activity

FPA assays (Figure 1 D to F) indicated that most of 
the pre-treatments favoured the production of enzymes in 
relation to the control cultivation with only wheat bran. 

Figure 1. Variations in the endoglucanase activities (A, B and C) and filter paper activities (D, E and F) in media that was formulated with 
different proportions of untreated or pre-treated elephant grass and wheat bran in solid-state fermentation using the Penicillium echinulatum 
strain 9A02S1. EG: elephant grass; WB: wheat bran. The numbers that are shown inside the brackets in the legend indicate the proportion of 
each component that was used. The percentages indicate the concentrations of the solutions that were used in the pre-treatment.
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The highest activities were obtained when elephant grass 
pre-treated with sulfuric acid was used as the carbon 
source. According to Alvira et al. (2010) dilute acid pre-
treatment at elevated temperature (>120 ºC) increased 
biomass porosity by hemicellulose removal, improving 
enzyme accessibility to cellulose.

The peak activity for the control cultivation (wheat 
bran) was 4.11±0.24 U.g-1 on the 4th day of cultivation. 
The cultivations that were performed with elephant grass 
pre-treated with sulfuric acid at concentrations of 5% and 
10% displayed activities of 13.26±0.33 U.g-1 and 12.11± 
0.21 U.g-1, respectively, on the fifth day of cultivation. 
These data are presented in Figures 1 D-F.

The cultivation that was performed with untreated 
elephant grass showed higher activities than the control 
containing only wheat bran on the first day of cultivation, 
and these values decreased on the following days. This 
result may be related to sugars, proteins and vitamins 
that are easily assimilated and present in the biomass of 
the elephant grass. The higher enzymatic activity that was 

observed with the cultivations with elephant grass that were 
pre-treated only in hot water in relation to cultivations with 
untreated biomass may be due to the removal of growth 
inhibitory substances. Rezaei et al. (2011) described 
the inhibitory effects of phenolic compounds that are 
present in switchgrass on the growth of Acidothermus 
cellulolyticus, but these compounds lost their effectiveness 
at temperatures above 50°C. Replacing 75% of wheat bran 
by elephant grass, FPA activity was mostly favoured in 
relation to control with 100% WB, but once again with 
lower activity when compared to the substitution of 50%.

β-glucosidase

Analysis of β-glucosidase activity (Figure 2 A to 
C) showed that there was no need to pre-treat elephant 
grass. The cultures that were formulated with either 50% 
untreated grass and 50% wheat bran or with 100% wheat 
bran showed similar activity profiles on the second to fifth 
days of cultivation. On the fifth day of cultivation, the 

Figure 2. Variations in the β-glucosidases (A, B and C) and xylanases (D, E and F) in media that was formulated with different proportions 
of untreated or pre-treated elephant grass and wheat bran in solid-state fermentation using the Penicillium echinulatum strain 9A02S1. EG: 
elephant grass; WB: wheat bran. The numbers that are shown inside the brackets in the legend indicate the proportion of each component that 
was used. The percentages indicate the concentrations of the solutions that were used in the pre-treatment.
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control sample with 100% wheat bran had an activity of 
147.80 ± 1.79 U.g-1, and the cultures that were formulated 
with 50% untreated elephant grass and 50% wheat bran 
had an activity of 138.34 ± 0.95 U.g-1. Replacing 75% and 
100% wheat bran by elephant grass gave the same profile, 
meaning that there was no need to pre-treat the biomass for 
the induction of these enzymes, since the media formulated 
with 75% untreated elephant grass: 25 % wheat bran and 
media formulated with 100% elephant grass showed higher 
values than the control with 100% wheat bran.

Xylanases

Analyses of xylanases activity (Figures 2 D to F) 
showed that the cultivation that was performed with 50% 
untreated elephant grass and 50% wheat bran displayed 
an activity that was higher than the control on the second 
to the fifth days of cultivation. However, the cultivation 
that was performed with 50% elephant grass pre-treated 
with water displayed an activity of 337.31±4.59 U.g-1 on 
the third day of cultivation. Greater activity was obtained 
with 75% untreated elephant grass and 25% wheat bran 
(372.62±37.62 U.g-1). Basso et al. (2014) verified that for 
xylanase production, the highest yields were independent 
of the different accession cellulose concentrations. 
Camassola and Dillon (2010) obtained a xylanases activity 
that was approximately 10 U.g-1, which was obtained using 
wheat bran and alkaline pre-treated sugar cane bagasse 
with P. echinulatum 9A02S1.

In most cultivation conditions, replacement of wheat 
bran with 50% elephant grass favoured the production 
of cellulases and the replacement of wheat bran with 
75% elephant grass favoured xylanase production. To 
increase the activity of the β-glucosidases and xylanases, 
supplementation with untreated elephant grass has been 
suggested (50%:50% and 75%:25%, respectively). This 
supplementation helps to reduce the production cost of 
these enzymes. As for the FPA and endoglucanases, the 
acid treatment (sulfuric acid) of the fibre helped to promote 
a higher activity.

Comparing the data from the production of the enzymes 
(Figures 1 and 2) with the concentrations of cellulose, 
hemicellulose and lignin (Menegol et al., 2014) leads to 
the conclusion that the results cannot be directly related 
to the production of the studied enzymes. Samples with 
higher concentrations of cellulose (pre-treated with NaOH) 
and lower lignin concentrations did not have the highest 
FPA (data not shown). In contrast, in the samples pre-
treated with H2SO4, the lignin concentrations were higher 
than in those samples that were not pre-treated and had 
higher enzyme titres. These data indicate that a change in 
biomass structure is more important than the removal of 
lignin in the production of cellulolytic and hemicellulolytic 
enzymes, as observed by Rollin et al. (2011). According 
to Xiao et al. (2012) some pre-treatments can increase 

the cellulose crystallinity, because of solubilization of 
hemicellulose, lignin and amorphous cellulose, which can 
hinder the enzyme accessibility. 

Comparing the data that was obtained in this work 
with other data in the literature shows that elephant grass 
has a high potential for enzyme production. Many of the 
activities that were obtained are higher than those that were 
presented in the literature, as shown in Table 2. 

Determination of the mycelial mass, total soluble 
proteins and pH determination in the enzyme broth

Figure 3 (A to C) presents data on the mycelial growth. 
The control culture that was formulated with only wheat 
bran and the cultivations that were pre-treated with NaOH 
showed higher mycelial masses. These data indicate 
that the form of cellulose that results from the alkaline 
pre-treatment is more easily assimilable for the fungus. 
According to the results obtained, higher mycelial growth 
levels are not directly related to higher enzymatic activity, 
as described by Scholl et al. (2015c). 

Regarding the protein content that was detected, 
cultivations that were formulated with 50% untreated 
elephant grass showed high protein concentration 
(343.49±6.81 mg.g-1), but these proteins may have been 
from the elephant grass and not the enzymes. The protein 
content of the elephant grass pre-treated with sulfuric acid 
was found to display a peak on the fifth day of cultivation, 
which corresponded to the increased FPA on the last day 
of cultivation. 

The control sample formulated with wheat bran alone 
showed a higher concentration of protein on the fifth day 
of cultivation with an average value of 415.21±20.71 mg.g-

1. The incremental changes in protein content on the fifth 
day may be associated with the degradation of biomass, 
which resulted in the highest concentration of soluble 
protein. This result may be associated with reduced FPA, 
endoglucanase and xylanase activities and increased 
β-glucosidase activity. Based on Vaheri et al. (1979), 
β-glucosidases are only detected at the end of the enzyme 
production process when cell lysis occurs.

In the condition 50 % WB and 50% elephant grass 
pre-treated with H2SO4 10% (w/v), the specific activity 
was 12.8 UI.g -1 and for the condition of 25 % WB: 75 % 
elephant grass pre-treated with NH4OH 20% (w/v), the 
activity was 80 UI.g-1. The highest specific activity detected 
by replacing 75 % of wheat bran by pre-treated elephant 
grass with NH4OH indicates a greater amount of enzymes 
of interest in relation to the total proteins secreted.

The pH values were decreased on the second day of 
cultivation for all of the conditions that were tested. This 
drop in pH indicates an increase in fungal metabolism that 
was associated with the release of H+ into the medium. 
The cultures that were formulated with the elephant grass 
that was pre-treated with sulfuric acid showed a more 
significant reduction in pH (between 3.7 and 3.9) (data not 
shown).
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CONCLUSIONS

The results obtained in this work showed that the solid-
state growth of the fungus P. echinulatum on a simple 
medium that consisted of elephant grass and a low cost 
mineral source proved to be a promising alternative for the 
simultaneous production of cellulases and xylanases. These 
data also indicate that changes in biomass structure are 
more important than the removal of lignin in the production 
of cellulolytic enzymes and that untreated elephant 
grass can be used for the induction of β-glucosidase and 
hemicellulolytic enzymes. 
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