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Abstract The natural biodiversity that is found in tropi-

cal areas offers countless biotechnological opportunities;

especially if we take in account that many biomolecules

from several microorganisms have supported for many

years, different industrial applications in areas such as

pharmacology, agro-industry, bioprocess, environmental

technology, and bioconversion. In order to find new

lignocellulolytic enzymes and evaluate bamboo fibers as

substrate, Schizophyllum commune a fungus with broad

distribution was isolated and grown during 15 days in

liquid culture medium containing 1% lignocellulosic fibers

from bamboo, banana stem, and sugarcane bagasse. The

enzymatic activity of xylanase, mannanase, polygalactu-

ronase, CMCase, FPase, and avicelase were evaluated.

Sugarcane bagasse and banana stem showed to induce

higher hollocellulase activity when compared with bamboo

as the main carbon source. The physical mechanism that

the fungus uses to degrade bamboo was observed not only

in fibers naturally infected but also in healthy fibers that

were treated and untreated with enzyme solution. SEM

analysis showed the structural disruption and invasion of

the vascular bundles, parenchyma cells, and parenchyma-

tous tissues as a consequence of the presence of this fungus

and the catalytic action of its enzymes into the plant tissue.

Introduction

During past years, lignocellulosic materials have gained

attention as a renewable, abundant, and economical mate-

rial in order to obtain new valuable chemicals, new mate-

rials, and as a source for biofuel production [22, 29]. In this

context, the improvement of physical, chemical, and bio-

technology tools should be rapidly addressed to process

and use the big amount of agro-industrial wastes that are

produced worldwide. In addition to the high economic

value that can be obtained from some specific products

(enzymes, single cell proteins, pigments, antibiotics, etc.),

the use of agro-products has a positive impact on the

preservation of environmental quality, considering the

development of technologies geared toward sustainable

transformation of natural resources [9].
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Universidad Católica de Manizales. Carrera 23 # 60-63, Grupo

de Investigaciones Biológicas, GIBI, Manizales, Colombia

J. W. Arboleda Valencia � M. F. Grossi-de-Sa
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Because fungi are known to produce significant amount

of cellulolytic enzymes, they have been studied for dif-

ferent industrial applications in areas as pharmacology,

agro-industry, bioprocess, environmental technology, and

bioconversion. Conversion of lignocellulosic biomass

involves a combination of numerous enzyme-catalyzed

hydrolytic reactions that allow the natural conversion of

cellulose and hemicellulose to fermentable sugars [4]. For

this reason, biodiversity studies focused on different

aspects related with the hydrolytic process of lignocellu-

losic biomass such as: microorganism as source of cellu-

lolytic enzymes and the substrates that could be degraded;

could allow us to find new potential findings to be used in

order to improve some biotechnological process of mass

conversion.

The complete hydrolysis of holocellulose requires the

catalytic action of different enzymes acting on particular

substrates as it has been reported in previous studies

involving filamentous fungi [20, 27] and Basidiomycetes

[26]. Schizophyllum commune, a fungus with broad distri-

bution and mold of Phylum Basidiomycota, Schizophyll-

aceae family, which colonizes diverse trees and rotting

wood including bamboo, Guadua angustifolia [7], was

used in this study. Although, agricultural crops such as

corn, wheat, rice, sugarcane, sugar beet, potatoes, among

others, are mainly processed into starch and sugar refiner-

ies, they are also useful not only as major substrates for the

food industry, but also for most industrial fermentation

processes and some other chemical processes [16]. This

process can convert agricultural raw materials in a variety

of valuable chemicals, including biofuels, and organic

solvents such as butanol [10, 28]. Schizophyllum sp. is not

only widely distributed but also an important fungal agent

for its role in the decomposition of lignocellulosic residues

[11]. Several studies have found that high concentrations of

nitrogen during cell culturing of white rot fungi are

essential for optimum enzyme production [6, 30].

The biotechnology, through enzymatic technology, offer

the possibility of bioconversion of new agro-industrial

wastes such as straw, bran, fruit peels, corn husks, sugar-

cane bagasse, wood wastes, among others, which are rich

lignocellulosic materials that are being undervalued like

the bamboo fibers that could be appropriate alternatives as

a new energy sources [32, 34].

In this article, we presented the holocellulase activity

(enzymes that show activity against holocellulose as xy-

lanase, mannanase, polygalacturonase, endoglucanase, and

exoglucanase) from S. commune fungus produced on dif-

ferent lignocellulosic fibers (banana stem, sugarcane

bagasse, and bamboo). By using scanning electron

microscopy (SEM), the physical mechanism that S. com-

mune uses to degrade bamboo and the enzymatic effect on

tissues were observed.

Materials and Methods

Substrate

Bamboo (G. angustifolia) fibers, sugarcane bagasse and

banana stem were collected from a local farm around

Brasilia—DF (Brazil). These plant materials were ground

and autoclaved at 121�C for 20 min. After autoclaving,

they were mixed with the liquid cultures to form a homo-

geneous blend ready for enzymatic hydrolysis experiments.

All other chemicals were purchased from Sigma Chemical

Co. (St. Louis, MO, USA).

Culture Conditions

A Schizophyllum commune wild strain was collected in the

locality of Santágueda, Caldas-Colombia (5̊ 050N–75̊

400W, Altitude: 1010 masl, Temperature: 23.5�C, Relative

humidity: 71%) and was replicated on Sabouraud dextrose

agar (SDA) medium. The inocula were prepared by adding

two pieces (1 cm2) of an active growing culture into

250 ml Erlenmeyer flask containing 50 ml of the liquid

culture medium (peptone 10 g/l, D-glucose 20 g/l, and

chloramphenicol 0.05 g/l) at pH 7.0 [17]. The culture

medium was also supplemented with sterilized 1% (w/v)

healthy-bamboo fibers, 1% (w/v) banana stem and 1–15%

(w/v) sugarcane bagasse. All treatments were incubated by

using rotational agitation 150 rpm at 37�C, excepted the

experiment with different concentrations of sugarcane

bagasse that was maintained without agitation. After

15-day of growth, all cultures were clarified by centrifu-

gation at 10,0009g during 30 min. The supernatant was

then concentrated by ultrafiltration using an Amicon Sys-

tem fitted with 300 kDa cut-off-point membranes [26]. The

resulting concentrate was kept at -80�C and then used for

enzymatic assays.

Enzymatic Assays

Carboxymethyl cellulase (CMCase), xylanase, polygalac-

turonase, and mannanase activities were determined by

using the dinitrosalicylic acid (DNS) method by measur-

ing the amount of reducing sugars that were released

during the enzymatic reaction at 540 nm using a Unicam

UV2 spectrophotometer [21]. In brief, 50 ll of enzyme

solution was mixed with 100 ll of 1% (w/v) CMC, oat

spelt xylan or pectin and 0.5% (w/v) galactomannan at

50�C for 30 min, respectively. Enzymatic activity on filter

paper (FPase) was determined by DNS method, incubating

150 ll of enzyme extract with filter paper (Whatman N�1)

as the substrate at 50�C for 1 h [18]. Avicelase activity was

determined by DNS method, mixing 50 ll of microcrystal-

line cellulose suspension (1% w/v) with 100 ll of enzyme
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sample at 50�C for 2 h. The enzymatic activity was expres-

sed as lmol of reducing sugar released per min per ml of

enzyme solution, i.e., as IU ml-1. Glucose, xylose, mannose

and galacturonic acid were used as standards. The protein

content of the enzyme solutions was determined by

the Bradford’s method, using the BioRad protein assay with

bovine serum albumin (BSA) as standard [5]. For all assays,

triplicate reactions were performed separately.

Scanning Electronic Microscopy

The physical mechanism that S. commune used to

decompose bamboo was observed by SEM, using naturally

infected fragments of bamboo showing different stages of

fungal growth. In addition, healthy-bamboo fibers were

treated by immersion into an enzyme cocktail from a liquid

medium obtained after 15-day of fungal growth, and

maintained during 15 days at 50�C and relative humidity of

80% to allow the hydrolysis process. Appropriate control

with fibers immersed in liquid extract without fungal

inoculation was used. Bamboo fragments and fibers were

washed, fixed with acetaldehyde, dehydrated using grade

ethanol series, and metalized with gold particles by using

vacuum. Thereafter, a topographic visualization by using a

JEOL JSM-S 5000 equipment (JEOL, Tokyo—Japan) with

a 10 kV potential was performed.

Results and Discussion

Hollocellulase Activity

The maximum enzymatic activities of xylanase, pectinase,

CMCase, FPase, and avicelase were obtained using sug-

arcane bagasse as carbon source (Fig. 1). The higher

mannanase activity was found using banana stem as carbon

source. With exception of pectinase all enzymes were

produced in lower amounts when bamboo was used as

substrate. Previous experimental reports have shown that

some substrates or heavy metals can generate physiological

and reproduction changes on basidiomycetes as S. com-

mune, seriously affecting not only its ability to colonize the

plant tissue but also affecting the activity of endogenous

cellulolytic enzymes involved in the infection process [3].

It is not clear yet, how much of these specific metals are

present in bamboo tissue or how those compounds could

affect the development of this fungus and its natural ability

to degrade cellulolytic material. Additional work must be

addressed in order to get a better understanding of this

process. Haltrich et al. [12] did optimize the enzymatic

activity of S. commune fungus grown on cultures contain-

ing microcrystalline cellulose as a carbon source. The

enzymatic package of this fungus has the complete

capacity to decompose lignocellulosic residues, exhibiting

interesting properties to be used in enzymatic treatments

[24, 25, 33]. The growth of S. commune on culture con-

taining cellulose as carbon source increased the enzymatic

activity of cellulase, xylanase, and mannanase. In contrast,

pure xylan did not induce xylanase or mannanase activities

[13].

It is clear that sugarcane bagasse induces higher enzy-

matic activities of the main enzymes assayed (Fig. 1). The

results suggest a direct correlation between sugarcane

bagasse concentration and the production of pectinases and

avicelase while no correlation was observed with xylan-

ases, mannanase, FPases, and CMCase activity (Fig. 2).

Likewise, other studies with Agaricus brasiliensis and

Pleurotus sajor-caju grown on different concentrations of

lignocellulosic carbon sources, such as sugarcane bagasse,

banana stem, and cotton waste (textile industry) showed

more xylanase and pectinase activity [25]. Bailey et al. [2]

demonstrated that xylanases production from Trichoderma

reesei was increased when the fungus was grown by using

a medium containing cellulose and xylan as the main

carbon sources. In addition, the mesophilic fungus Peni-

cillium corylophilum produced highest holocellulase

activities when it was grown in the presence of dirty cotton

residue [27]. Under different carbon sources, Trichoderma

harzianum showed a higher endoglucanase activity when

compared to avicelase and b-glucosidase [1].

In spite of the fact that both banana stem and bamboo

have higher concentration of cellulose, hemicellulose and

lignin (cellulose: 52.9 and 46.8%; hemicellulose: 17.4 and

25.8%; lignin: 9.4 and 23.9%, respectively) [27, 32] than

sugarcane bagasse (cellulose: 34.6%; hemicellulose:

16.2%; lignin: 5.1%) [27], the total cellulase production by

the fungus on bagasse was higher when compared to the

others. It has been shown that the activity of enzymes that

participate during the infection process is mediated by

induction factors and regulated by both environment con-

ditions [6] and genetic factors [19]. Also, this activity is in

part differentiated by the constitution of the host material

defining the host-pathogen interaction that could occur

[12]. The low enzymatic activity observed when only

bamboo was used as supplement could be explained, due to

the fact that this is a more complex plant material and that

the infection process and final enzymatic hydrolysis

depend directly of variables such as: substrate features,

enzyme production, enzymatic synergy and inhibition [33].

It is clear that hydrolytic enzymes play an important role

during the final degradation process of biological residues

[8]. Nevertheless, the presence of higher concentrations of

lignin into the structure affects directly the complete

decomposition process by reducing the holocellulase

activity [4].
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Scanning Electronic Microscopy

Bamboo is a cheap and fast-grown resource that has been

widely used in homes building and for numerous industrial

applications (household products, paper industries, chemi-

cal industries, energy) [32]. Few studies have been focused

for evaluating the infection process and cellulose degra-

dation in this lignocellulosic material. For this reason,

bamboo was selected as starting material to visualize the

physical mechanisms that take place during the degradation

of healthy-bamboo fibers by cellulolytic enzymes from

S. commune. Structural disruption of the bamboo fibers was

clearly observed after hydrolysis treatment (Fig. 3). It is

important to point out that the complementary action of

both, physical mechanisms, and enzymatic activity of

cellulases and xylanases play a key role in the degradation

of several lignocellulosic materials as observed in previous

studies [13]. It is also important to mention that the com-

position of G. angustifolia (bamboo) is 51% parenchyma,

40% fiber, and 9% of conductive tissues [32], useful to

improve any bioconversion processes that includes this

plant material. Previous studies of chemical characteriza-

tion and morphology were initiated in the 1970s, in order to

get a better understanding of the physical mechanisms that

S. commune uses during the infection process [31].

As soon as the fungus penetrates the plant tissue, it will

produce a full spread of hyphae on the tissue, which is

always facilitated by the synergistic action of digestive

enzymes [31] that allows the fungus to colonize the

parenchyma through natural holes located in the paren-

chyma of the bamboo internode (Fig. 4b), generating dis-

ruption of parenchyma cells and parenchymatous ground

Fig. 1 Holocellulase activity of

the enzyme solution from

S. commune on different carbon

source in submerged cultivation

for 15 days

Fig. 2 Holocellulase activity

of the enzyme solution by

S. commune grown on different

concentration of the sugarcane

bagasse carbon source in

submerged cultivation for

15 days
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tissues (Fig. 4c, d). The infection process continues with

the formation of fruiting bodies, typical carpophores, at the

level of vascular bundle structure as described for Schizo-

phyllum sp. [15] (Fig. 4a). Other authors have also estab-

lished the complete infection process that occurs during

infection by basidiomycetes fungi [14].

Enzymes such as laccases allow depolymerizing aro-

matics compounds exposing hemicelluloses and cellulose

chains to the action of enzymes such as xylanases, pec-

tinases, avicelases, which can release short polymers which

are suitable for the enzymatic action of endoglucanases and

glucanases [26]; by this way the laccases facilitate the

access to polysaccharides by the holocellulases. However,

it has been shown that some isolates of endophytic fungi

have the ability to develop non-selective processes of

decomposition patterns similar to those described above,

on host plants [23].

The exact mechanism underlying the decay patterns

observed in infected bamboo samples is still unclear. It is

possible that the degradation mechanisms in bamboo,

Fig. 3 SEM topographical

image. a, b Control, fibers

immersed in liquid extract

without fungal inoculation. c,

d healthy-bamboo fibers treated

by immersion into an enzyme

cocktail from a liquid medium

obtained after 15-day of fungal

growth, and maintained during

15 days at 50�C. Degradation

localized in the tissues after

hydrolysis treatment with an

enzyme cocktail (white arrows)

Fig. 4 SEM topographical

image from naturally infected

fragments of bamboo showing

different stages of fungal

growth. a Carpophore initial

phase. Primary fruiting body

formation (white arrow).

b Infection of the bamboo

vascular bundles. Spread of

mycelia (white arrow). c,

d Disruption of bamboo

parenchyma cells and

parenchymatous ground tissues

(white arrows)
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resulting from attack by S. commune, are related to the

action of both, physical and enzymatic process in order to

achieve the complete degradation of bamboo fibers.

Conclusions

Schizophyllum commune has potential to be an important

source of catalytic enzymes for the degradation of ligno-

cellulosic materials, in order to produce a second genera-

tion of biofuels. It is necessary to explore our biodiversity

and also to characterize the most important biomolecules

that are produced by wild microorganisms and its role in

biomass degradation, in order to get access to a new

available energy sources. Because sugarcane bagasse and

banana stem have showed to induce a higher hollocellulase

activity, those plant-materials could be considered in future

research activities focused on production of cellulolytic

enzymes. However, the composition, availability, and

worldwide offers of bamboo, requires further and addi-

tional studies to be considered as a potential lignocellulosic

material for bioconversion which will require previous pre-

treatments before enzymatic treatment. The structural dis-

ruption of the bamboo tissues is clearly visible by using

SEM on bamboo fragments naturally infected by S. com-

mune and bamboo fibers partially hydrolyzed with enzyme

solutions from cell-culturing.

In addition, it is necessary to get a better understanding

of the biodegradation process of this kind of lignocellulosic

materials in order to transform this abundant and cheap

material in several added-value products.
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