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Abstract

Cellulase production was evaluated in two reference strains (T. reesei Rut-C30 and T. reesei

QM9414), two strains isolated from a sugarcane cultivation area (Trichoderma sp. IPT778 and T.

harzianum rifai IPT821) and one strain isolated in a program for biodiversity preservation in São

Paulo state (Myceliophthora thermophila M77). Solid state cultures were performed using sugarcane

bagasse (C), wheat bran (W) and/or soybean bran (S). The highest FPA was 10.6 U/gdm for M77 in

SC (10:90) at 80% moisture, which was 4.4 times higher than production in pure W. C was a strong

inducer of cellulase production, given that the production level of 6.1 U/gdm in WC (40:60) was 2.5

times higher than in pure W for strain M77; T. reesei Rut-C30 did not respond as strongly with about

1.6-fold surplus production. S advantageously replaced W, as the surplus production on SC (20:80)

was 2.3 times relative to WC (20:80) for M77.
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Introduction

Cellulases are enzymes largely focused on by re-

searchers and industries as they are used in various eco-

nomically relevant processes. The hydrolytic action of

cellulases on cellulose, a linear polysaccharide polymer

with many glucose monosaccharide units, renders free

monosaccharides not only for liquid fuel production, but

also for the production of other chemicals, some of them

potential substitutes for petroleum derivatives (Bozell and

Petersen, 2010).

The proposal to convert sugars from biomass into liq-

uid fuels, mainly ethanol and petroleum derivatives, is not

new. Since the first oil crisis in the 1970s, governments and

scientists have invested in alternatives sources of petro-

leum, which have relied mostly on biomass. Oil price regu-

larization and its availability reduced the interest in bio-

mass for more than 20 years, until geopolitical instabilities

and environmental concerns renewed interest in biomass

utilization (Zaldivar et al., 2001; Zanin et al., 2000).

Regarding the applications of cellulases in processes

for which products must have low and competitive prices,

their production process must be defined for each specific

region and final use. There is a consensus among

researchers that in order to make the market price of ethanol

produced from biomass viable, cellulase production must

be done “in situ”, that is, at the ethanol production plant. In

this case, is important to explore the application of sugar-

cane bagasse for cellulase synthesis in Brazil (Barta et al.,

2008; Frederick et al., 2008; Merino and Cherry, 2007).

According to Galbe et al. (2007), culture medium

costs can be a significant fraction of the enzyme cost if an

expensive substrate is applied. Although cheap substrates

such as sugarcane bagasse are less important to the enzyme

cost, they must be carefully chosen as the substrate influ-

ences enzyme productivity, an important fraction of the en-

zyme cost.

Productivity defines the size of the reactors, which, in

turn, are a major part of the capital investment. As stated by

Himmel et al. (1999), productivity of cellulase in sub-

merged culture (SmC) must be as high as 200 U/L/h, which

drives the fraction of the enzyme cost to no higher than

US$0.20 per gallon of ethanol.

Cellulases, as well as other enzymes, are excellent

microbial products for solid state cultivation when pro-
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duced by filamentous fungi, because hyphae have the natu-

ral ability to cover the solid nutritive surface of the

substrate and even to enter its pores, and thus become

strongly attached to the substrate (Raimbault, 1998). The

easy growth of filamentous fungi on solid media relies on

the high capacity of hydrolytic enzyme synthesis in the me-

dia along with a high content of polymerized sugars, which

are the inducers of gene expression of these enzymes

(Sachslehner et al., 1998; Sternberg and Mandels, 1979).

The ordinary content of cellulose in abundant natural crop

residues, such as sugarcane bagasse and rice straw, is about

40% w/w (Cen and Xia, 1999). When these residues are

used as substrates for solid state cultures (SSC), the cellu-

lose concentration in the medium is around 6-28%, consid-

ering that moisture levels vary between 30 and 85%

(Krishna, 2005), while for SmC, the maximum cellulose

concentration is about 0.5 to 6% (Chahal, 1985). Therefore,

the induction of cellulase synthesis has reduced power in

SmC relative to SSC.

Substrates of solid state cultures, besides being strong

inducers of cellulase synthesis, also induce hemicellulases

such as xylanases and ligninases, if the solid substrate is

composed of hemicellulose and lignin (Sachslehner et al.,

1998). Therefore, SSC can result in a more diverse pool of

hydrolytic enzymes than SmC. Finally, solid state media

are interesting to make good use of the huge amounts of

sugarcane bagasse available in Brazil. According to

UNICA (Brazil's Union of Sugar Cane Industries), in

2012/2013, the south-central region of Brazil alone pro-

cessed about 533 million tons of sugar cane, producing

around 150 million tons of bagasse.

The objective of this study was to evaluate filamen-

tous fungi and substrates for cellulase production in SSC, in

media consisting mainly of sugarcane bagasse, in addition

to wheat bran and soybean bran; wheat bran was also ap-

plied solely in order to allow comparisons with published

data. Besides investigating microorganisms evaluated in

various publications, Trichoderma reesei Rut-C30 and

Trichoderma reesei QM9414, novel microorganisms were

evaluated, such as Trichoderma sp. IPT778, Trichoderma

harzianum rifai IPT821, and the recently isolated

Myceliophthora thermophila M77. Data were analyzed re-

garding production (U/gdm), productivity (U/gdm/h), and

stability of cellulases.

Materials and Methods

Microorganisms and inoculums

Five microorganisms, Trichoderma reesei Rut-C30

(ATCC 56765), Trichoderma reesei QM9414 (ATCC

26921), Trichoderma sp. IPT778, Trichoderma harzianum

rifai IPT821 - the latter two isolated in a sugar cane cultiva-

tion area, SP, Brazil - and Myceliophthora thermophila

M77, recently isolated through an environmental program

for biodiversity preservation in the State of São Paulo

(BIOTA FAPESP), were maintained in stock on a solid me-

dium made of wheat bran and sugarcane bagasse

(20:80 w/w). One gram of the stock medium containing the

spores of each microorganism was suspended in 100 mL of

NaCl solution 0.9% (w/w) and this suspension was applied

as the inoculum for the SSC.

Culture media

Culture media were made of combinations of sugar-

cane bagasse (C), wheat bran (W) and soybean bran (S), the

compositions on a dry mass basis (w:w) were as follows: W

(100); WC (90:10); WC (80:20); WC (40:60); WC (60:40);

SC (10:90) and SC (20:80).

Sugarcane bagasse in natura (Usina Iracema, Irace-

mápolis, São Paulo, Brazil) with 50% moisture on a wet ba-

sis was stored at -20 °C in order to prevent microbial

proliferation (Roussos et al., 1991). Upon utilization, the

sugarcane bagasse was dried at 50 °C to 6% moisture, in or-

der to allow the adjustment of initial moisture of the culti-

vation to 60%, after the addition of the spore suspension

and a salt solution. The granulometry of dry sugarcane ba-

gasse to formulate the culture medium was obtained

through sieving and selection of the fraction retained be-

tween 10 and 20 mesh.

Wheat bran at 13% moisture on a wet basis was sup-

plied by “Anaconda Industrial e Agrícola de Cereais” (São

Paulo, Brazil) and soybean bran at 11% moisture was sup-

plied by “Coama Agroindustrial Cooperativa” (Paraná, Br-

azil). The two types of bran were stored at room

temperature as low moisture protects them from microbial

proliferation. Upon use, they were dried to allow further

moisture adjustment with the addition of the spore suspen-

sion and a salt solution, to an initial value of 60 or 80% on a

wet basis. Both types of bran were sieved between 8 and

20 mesh.

Solid-state cultures

Solid-state cultures were made in 500 mL Erlenmeyer

flasks with 7 g of culture medium plus a salt solution, and

sterilized by autoclaving at 121 °C for 20 min before inocu-

lation with a sufficient volume of the spore suspension to

obtain 107 spores/gdm. Initial moisture was adjusted with a

salt solution (Urbánszki et al., 2000): 5 g/L KH2PO4; 5 g/L

(NH4)2SO4; 1 g/L MgSO4•7H2O; 1 g/L NaCl; 5 mg/L

FeSO4•7H2O; 1.6 mg/L MnSO4; 3.45 mg/L ZnSO4•7H2O

and 2.0 mg/L CoCl2•6H2O.The flasks were kept in an incu-

bator at 30 °C (all fungi except for Myceliophthora

thermophila M77) or at 45 °C (Myceliophthora

thermophila M77) for 120 hours. Cultivations were entirely

made in duplicate, from the spore suspension to the cul-

tures, except for cultures with soybean bran which were
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made in triplicate. Samples were collected once a day from

the first to the third day and after five days of cultivation.

Analytical methods

Moisture determination

The moisture level was determined by OHAUS MB

35 Halogen Moisture Analyzer (USA) which operates on

the thermogravimetric principle, in which the sample is

quickly heated by a halogen drying unit for moisture evapo-

ration. At the end of drying, the result is displayed as per-

cent moisture content on a wet basis.

Enzyme extraction

Enzyme extraction was performed by shaking (180

rpm, 20 °C, 60 min) a mixture of 4 g of the cultivated me-

dium with 40 mL of distilled water, 40 mL of citrate

buffer pH 4.8 (for all the fungi except for Myceliophthora

thermophila M77) or acetate buffer pH 5.0

(Myceliophthora thermophila M77), and one drop of

Tween 80. After shaking, the sample was filtered under

vacuum through S&S 5802 filter paper (1.2 �m) and the en-

zyme activity of the filtrate was measured.

Enzyme Activity

Measurements of filter paper activity (FPA) were

made according to Ghose (1987) and expressed relative to

the mass of the culture medium; that is, as a specific activ-

ity. CFPA is the specific cellulase activity in the medium for

filter paper activity and was calculated as described in

Eq. (1).
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where Cg is the measured glucose concentration (g/L); M is

the molecular weight of glucose (0.18 g/�mol); t is time in-

terval of reaction of 60 min; u is the moisture of the culture

medium (%) and D is the dilution of the liquid extract.

Enzyme productivity

Productivity, PR, is the enzyme production rate,

(U/gdm/h), determined as described by Eq. (2), where t is

the cultivation time for maximum enzyme activity.

P
C

t
R

FPA	 (2)

Results and Discussion

Media and microorganisms for cellulase production

Microorganisms and media made mainly from sugar-

cane bagasse were evaluated in terms of cellulase produc-

tion and productivity in solid state cultures. Five strains of

filamentous fungi selected for this evaluation had either

been investigated in previous publications or had been re-

cently isolated with specific features of interest for cellu-

lase production: (1) Trichoderma reesei Rut-C30 (ATCC

56765); (2) Trichoderma reesei QM9414 (ATCC 26921);

(3) Trichoderma sp. IPT778; (4) Trichoderma harzianum

rifai IPT821, and (5) Myceliophthora thermophila M77.

Wheat bran was applied because it has been reported

on in several publications, and was thus considered the ref-

erence medium. Also, its high protein content around 17%

and high starch content around 19%, on a dry basis, make it

an excellent culture medium to provide amino acids, nitro-

gen, and carbon sources for cellular growth, besides being

an excellent support for growth owing to its cellulose and

hemicellulose content as high as 39% (Brijwani et al.,

2010; Sun et al., 2008). Soybean bran was applied as it is

more available than wheat bran in Brazil, and is also a good

source of amino acids and organic nitrogen. According to

the supplier, the soybean bran applied to the cultures herein

contained 46.55% protein, 2.16% lipids, 4.95% fiber, and

12.6% moisture.

The mean values and standard deviations from two or

three runs for maximum specific cellulase activity, CFPAmax

(U/gdm), and cellulase productivity, PR (U/gdm/h), in each

culture medium are depicted in Figures 1 to 5, respectively,

for each microorganism.

The data in Figure 1 for Trichoderma reesei Rut-C30

show that the inclusion of sugarcane bagasse (40%) into a

medium made from wheat bran resulted in a 60% increase

in specific cellulase activity, that is, from 2.5 to 4.0 U/gdm,

while productivity decreased by 40%, from 0.05 to

0.03 /gdm/h. The higher enzyme productivity in medium

made of 100% wheat bran was probably due to faster cell

growth in a medium enriched with organic nitrogen and

amino acids, while cultures on media made with sugarcane

bagasse resulted in a higher CFPAmax. Media made with

more than 40% (w/w) sugarcane bagasse resulted in lower

CFPAmax.
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Figure 1 - Maximum productivity, PR, and Maximum specific cellulase

activity, CFPAmax, for Trichoderma reesei Rut-C30 cultivated on solid state

media made of wheat bran, W, and sugarcane bagasse, C, at 60% moisture

on a wet basis.



The data in Figure 2 for Trichoderma reesei QM9414

show almost the same behavior in media with 40 or 60%

sugarcane bagasse and wheat bran, resulting an 18% in-

crease in CFPAmax relative to the medium made with pure

wheat bran, while PR decreased by 25%, from 0.08 to

0.06 U/gdm/h. It is worth noting that although the general

behavior was the same as that of Trichoderma reesei

Rut-C30, the significance of the variations was less pro-

nounced, indicating that the strain Trichoderma reesei

QM9414 was less sensitive to those media than

Trichoderma reesei Rut-C30.

Almost the same results as for Trichoderma reesei

Rut-C30 and Trichoderma reesei QM9414 were found for

Trichoderma sp. IPT778 (Figure 3) and Trichoderma

harzianum rifai IPT821 (Figure 4). However, the improve-

ment in CFPAmax for strain Trichoderma sp. IPT778 was re-

markable, 117%, from 1.7 to 3.7 U/gdm upon the inclusion

of 40% sugarcane bagasse into the medium; this was an ex-

tremely inducible strain.

Myceliophthora thermophila M77 (data in Figure 5)

was cultivated in the same media applied for the four afore-

mentioned microorganisms, plus SC (10:90) and SC

(20:80) at 60% moisture, and SC (10:90) at 80% moisture.

Regarding the media made with wheat bran and wheat bran

plus sugarcane bagasse, a similar behavior for

Myceliophthora thermophila M77 as for the other microor-

ganisms was seen, with enzyme production in media with C

40% and C 60% higher than in medium with W 100%. The

highest CFPAmax in media with C 60% was 154% greater

than in W 100%, as it increased from 2.4 to 6.1 U/gdm. In

this case, the PR also improved, from 0.05 to 0.13 U/gdm/h,

a 160% increase.

Myceliophthora thermophila M77 cultures made in

SC (10:90) and SC (20:80) media resulted in higher

cellulase production than in media with W and C, in the

same proportions, as clearly illustrated in Figure 5. There-
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Figure 2 - Maximum productivity, PR, and Maximum specific cellulase

activity, CFPAmax, for Trichoderma reesei QM9414 cultivated on solid state

media made of wheat bran, W, and sugarcane bagasse, C, at 60% moisture

on a wet basis.

Figure 3 - Maximum productivity, PR, and Maximum specific cellulase

activity, CFPAmax, for Trichoderma sp. IPT778 cultivated on solid state me-

dia made of wheat bran, W, and sugarcane bagasse, C, at 60% moisture on

a wet basis.

Figure 4 - Maximum productivity, PR, and Maximum specific cellulase

activity, CFPAmax, for Trichoderma harzianum rifai IPT821 cultivated on

solid state media made of wheat bran, W, and sugarcane bagasse, C, at

60% moisture on a wet basis.

Figure 5 - Maximum productivity, PR, and Maximum specific cellulase

activity, CFPAmax, for Myceliophtora thermophila M77 cultivated on solid

state media made of wheat bran, W, sugarcane bagasse, C, and soybean

bran, S, at 60% moisture, except for the last assay which was done at 80%

moisture on a wet basis, as indicated.



fore, S was better than W for enzyme production, a perfor-

mance that could be due to the higher protein content in S,

which probably enhanced growth and protein synthesis.

Besides, medium with S as low as 10% was remarkably

better for cellulase production compared to media made of

10% W.

Increasing the moisture of the SC (10:90) medium

from 60 to 80% resulted in a CFPAmax of 10.6 U/gdm, the

highest production among all the results presented, while

PR also remained on the order of the highest values,

0.09 U/gdm/h. Comparing CFPAmax in medium made with

SC (10:90) with 80% moisture with CFPAmax achieved using

medium W (100) at 60% moisture, the increase was 341%.

Although the soybean bran price on the Brazilian market is

higher than the wheat bran price - US$412.00/ton and

US$212.00/ton, respectively (Corretora Mercado, 2012) -

half of the mass of the former results in a significantly

higher enzyme production.

On the basis of these results, it is possible to conclude

that soybean bran is an excellent substrate for cellulase pro-

duction under high productivities. Sugarcane bagasse is ex-

cellent as a cellulase synthesis inducer, besides having a

high water retention capacity (Oriol et al., 1988), which is

positive for microbial growth. Myceliophthora

thermophila M77 is an important microorganism for cellu-

lase production as shown by its high sensitivity to induction

imposed by cellulose, and, as a thermophilic fungi, it pro-

duces thermostable enzymes, as reported by Zanphorlin et

al. (2010) when assaying the enzymes of this fungus.

Sugarcane bagasse besides being an excellent inducer

for cellulase synthesis may be an important factor in scale-

up of solid state cultivation systems since its addition to the

medium alters the structure of the substrate, minimizing

compaction of medium and improving its ability for gas ex-

change, thus contributing to the microorganism growth and

enzyme production (Raimbault, 1998).

Specific cellulase activity and productivity in SSC
and SmC

Published data on specific cellulase activity, CFPA

(U/gdm), and productivity, PR (U/gdm/h), in solid and liq-

uid media cultures of some microorganisms, including the

data from the present paper, are presented in Table 1. Spe-

cific cellulase activity in the culture media and productivity

are important features for calculating enzyme cost. In order

to allow comparisons of CFPA and PR in solid and liquid me-

dia, both were presented related to media volume, U/mL,

by means of Eq. (3), where u is the initial moisture (mass

fraction) on a wet basis and dB is the bulk density of the cul-

ture medium:
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The huge differences among the specific cellulase ac-

tivities in SSC, from 4 to 247 (U/gdm), cannot be explained

on the basis of different microorganisms and media if one

considers the range of values presented in Table 1. These

variations may be due to differences in the filter paper ac-

tivity measurement, although many authors refer to Ghose

(1987) or Mandels et al. (1976). Following the method of

Ghose (1987) rigorously, at least two dilutions of the sam-

ple with cellulases must be made. Besides, some authors

make modifications in the temperature or in the time inter-

val of the reaction (Silva et al., 2005). The lack of a com-

plete standardization of the method impairs free compari-

sons. Other aspects that deserve consideration are the high

values of CFPA in SmC and SSC made in 1984 and 1985,

30 U/mL and 172 U/gdm, respectively. Both results were
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Table 1 - Specific activity and productivity of cellulases in SSC and SmC for some fungi.

Microorganism CFPA (U/gdm) Bulk density* (g/mL) CFPA (U/mL) PR (U/L/h) Reference

Solid state cultures

T. reesei Rut-C30 4.0 0.6 1.0 8.6 Data from this article

Myceliophthora thermophile M77 10.6 0.9 1.9 15.8 Data from this article

T. reesei QMY-1 247 - - - Awafo et al. (2000)

T. reesei Rut-30 24.15 0.7 4.9 74.1 Mekala et al. (2008)

Penicillium echinulatum 9A02D1 22.4 0.7 5.6 77.6 Dillon et al. (2006)

T. reesei Rut-C30 172 0.8 28 53.0 Chahal (1985)

Submerged cultures

Aspergillus niger - - 1.2 16.2 Gamarra et al. (2010)

Penicillium echinulatum 9A02S1 - - 2.0 16.7 Dillon et al. (2006)

Thichoderma reesei (Rut-C30) - - 14.4 80.0 Tangnu et al. (1981)

Thichoderma reesei (Rut-C30) - - 30 180.7 Hendy et al. (1984)

*The bulk density of each medium reported in the articles was measured in our laboratory. As it was not possible to reproduce the exact medium used by

other authors, the density may be considered as only an approximate value used to calculate the productivity in U/L/h.



obtained with T. reesei Rut-C30 and are far higher than cur-

rent values; this makes it reasonable to suppose that there

have been mutations in the capacity of this microorganism

concerning cellulase production. The instability of filamen-

tous fungi for enzyme production is probably associated

with the time interval of 25 years and the different methods

of strain preservation (Kilikian et al., 1992).

Medium composition of course influences CFPA, but it

is clear that for one specific microorganism cultivated in

some media, over a restricted time interval of stock culture

preservation such as a few months, enzyme activity will not

show large variations as shown by the data presented in

Figures 1 to 5.

Despite the doubts on the accuracy of the reported

values of specific cellulase activity measured using FPA, it

is possible to conclude, based on values reported in the last

10 years, that SSC results in cellulase productivities as high

or even higher than in SmC. The data from Dillon et al.

(2006), for instance, show productivity in SSC 4.6 times

greater than in SmC for the same microorganism cultivated

in the same laboratory, and therefore using the same FPA

measurement procedure.

However, these values are not high enough for the

economic viability of cellulase production, taking into ac-

count that a significant drop in cost has been found with a

productivity increase from 50 to 200 U/L/h as stated by

Himmel et al. (1999). Further increases in productivity

have a minor impact on enzyme cost. Table 1 shows that a

value of 200 U/L/h was not reported by any reference; only

Hendy et al. (1984) reached a CFPA close to this,

180.7 U/L/h.

Finally, it is important to note that enzyme activity for

SSC, was always based on measures made in liquid ex-

tracts, which probably does not contain the entirety of the

enzymes produced using solid media (Rodriguez et al.,

2006).

Stability of cellulase activity as a function of culture
medium

The general behavior of an increase of specific cellu-

lase activity in media followed by a decrease is not fully un-

derstood. It is known that in microbial production of en-

zymes, proteases are frequently synthesized, which may

reduce the activity of the target enzyme. According to Haab

et al. (1990), high levels of protease in the extracellular cul-

ture environment are correlated with the appearance of

products of proteolytic cellulase degradation. The data in

Figure 6 illustrate the stability of cellulase as a function of

the culture medium composition. The novel microorgan-

ism, Myceliophtora thermophila M77 cultivated in media

with soybean bran was included owing to its good results,

while Trichoderma harzianum rifai IPT821 was included

owing to the illustrative response to wheat bran. Cellulases

of Myceliophtora thermophila M77 were stable in both me-

dia with 10% soybean bran, while the increase in S to 20%

resulted in a decrease in CFPA from the second day of cul-

ture. On the other hand, a medium with 20% W supported a

stable cellulase activity produced by Trichoderma

harzianum rifai IPT821. Owing to the instability of cellu-

lase activity as a result of the action of proteases, the higher

protein content in S relative to W probably means a higher

induction in protease synthesis. Above 20% W, which is to

say 40, 60 and 100%, there was always a significant de-

crease in cellulase activity, from the second or third day up

to the fifth day of culture.

The kinetics of cellulase production were also deter-

mined for all other cultures and showed different levels of

instability for a given media and microorganism, which

means that cellulase stability, depends on the specific

strain in addition to medium composition. However, for

the best case scenario among the cultures presented in this

paper, Myceliophtora thermophila M77 on a medium

made of SC (10:90) at 80% moisture, CFPA was not only

stable, but it continued to increase on the fifth day of cul-

ture.

Conclusions

Highest FPA, 10.6 U/gdm, was achieved with

Myceliophthora thermophila M77 on soybean bran (S) and

sugarcane bagasse (C), (10:90), initial moisture 80%. This

activity was 4.4 times higher than production on pure wheat

bran (W). C was a strong inducer of cellulase production,

given that the maximum CFPA in W and C (40:60), 6.1

U/gdm, was 2.5 times higher than on pure W. T. reesei

Rut-C30 did not respond as strongly, with a 1.6-fold sur-

plus production. S advantageously replaced W, as the sur-

plus production on S and C (20:80) was 2.3 times relative to

W and C (20:80) for M77.

284 Kilikian et al.

Figure 6 - Time course of Specific cellulase activity, CFPA, for

Myceliophtora thermophila M77 and Trichoderma harzianum rifai

IPT821 in SSC made of soybean bran and sugar cane bagasse or wheat

bran and sugar cane bagasse, at 60 or 80% moisture on a wet basis.
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