J Ind Microbiol Biotechnol (2016) 43:617-626
DOI 10.1007/s10295-016-1744-8

N
@ CrossMark

BIOENERGY/BIOFUELS/BIOCHEMICALS

SIMB

Society for Industrial Microbiology
and Biotechnology

Enhanced cellulase production by Trichoderma harzianum
by cultivation on glycerol followed by induction on cellulosic

substrates

Priscila da Silva Delabona'? - Deise Juliana Lima' - Diogo Robl' -

Sarita Candida Rabelo! - Cristiane Sanchez Farinas?? -

José Geraldo da Cruz Pradellal?

Received: 25 July 2015 / Accepted: 12 December 2015 / Published online: 16 February 2016

© Society for Industrial Microbiology and Biotechnology 2016

Abstract The use of glycerol obtained as an intermediate
of the biodiesel manufacturing process as carbon source for
microbial growth is a potential alternative strategy for the
production of enzymes and other high-value bioproducts.
This work evaluates the production of cellulase enzymes
using glycerol for high cell density growth of Trichoderma
harzianum followed by induction with a cellulosic mate-
rial. Firstly, the influence of the carbon source used in the
pre-culture step was investigated in terms of total protein
secretion and fungal morphology. Enzymatic productivity
was then determined for cultivation strategies using dif-
ferent types and concentrations of carbon source, as well
as different feeding procedures (batch and fed-batch). The
best strategy for cellulase production was then further stud-
ied on a larger scale using a stirred tank bioreactor. The
proposed strategy for cellulase production, using glycerol
to achieve high cell density growth followed by induction
with pretreated sugarcane bagasse, achieved enzymatic
activities up to 2.27 £+ 0.37 FPU/mL, 106.40 + 8.87 IU/
mL, and 9.04 + 0.39 IU/mL of cellulase, xylanase, and
B-glucosidase, respectively. These values were 2 times
higher when compared to the control experiments using
glucose instead of glycerol. This novel strategy proved
to be a promising approach for improving cellulolytic

P4 Priscila da Silva Delabona
priscila.delabona@bioetanol.org.br

Brazilian Bioethanol Science and Technology Laboratory,
CTBE, Pdlo II de Alta Tecnologia, Rua Giuseppe Maximo
Scolfaro 10000, Caixa Postal 6192, Campinas, SP

CEP 13083-970, Brazil

Graduate Program of Biotechnology, Federal University
of Sao Carlos, Sao Carlos, SP 13565-905, Brazil

Embrapa Instrumentation, Rua XV de Novembro 1452,
Sao Carlos, SP CEP 13560-970, Brazil

enzymes production, and could potentially contribute to
adding value to biomass within the biofuels sector.
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Introduction

Considerable research effort has been focused on develop-
ing efficient processes for producing the enzymes needed
to produce second generation ethanol. Among the poten-
tial alternatives, the use of glycerol as a carbon source for
microbial growth is being evaluated as a strategy for the
production of enzymes [33] and other high value bioprod-
ucts [8, 13, 19, 31, 37]. This offers an economic advan-
tage, because large volumes of glycerol are generated as
a co-product in the production of biodiesel, with 10 lbs of
crude glycerol produced for every 100 lbs of biodiesel [7].
According to Yang et al. [38], the global biodiesel market is
estimated to reach 37 billion gallons by 2016, with average
annual growth of 42 %, which means that about 4 billion
gallons of raw glycerol will be produced. Flooding of the
market with glycerol originating from biodiesel produc-
tion has led to a dramatic decrease in the price of glycerol
[23]. Hence, there is great interest in the development of
processes to convert this low-value glycerol into high-value
products by means of biological or chemical routes. Bio-
logical conversion can offer the opportunity to synthesize a
wide range of products with diverse uses, and an especially
interesting application of glycerol involves the production
of cellulases.

Cellulases are a group of enzymes mainly consisting of
endoglucanases, cellobiohydrolases (exoglucanase), and
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B-glucosidase, which act synergistically in the conversion
of cellulose to glucose [39]. The production efficiency of
cellulases depends on the choice of microorganism (con-
sidering yield and productivity), the carbon and nitrogen
sources (substrates), and the cultivation conditions (tem-
perature, aeration, and pH, amongst others). It is generally
conceived that glucose is a primary carbon source for the
growth of filamentous fungi, and that protein secretion and
biomass production depend on the choice of carbon source.
However, in the case of cellulolytic fungi such as Tricho-
derma reesei and Aspergillus niger, the use of glucose as
carbon source leads to a strong repression of cellulase gene
transcription, by means of a mechanism known as catabo-
lite repression [26]. On the other hand, glycerol has been
found to be a highly assimilable carbon source for Tricho-
derma growth, without promoting cellulase repression [17].

In previous work [9] we described the cultivation of
Trichoderma harzianum PA9P11 for cellulase production
using different insoluble (sugarcane bagasse) and soluble
(fructooligosaccharide, sucrose, lactose, and glycerol) car-
bon sources, and their binary combinations. Good cellulase
induction was achieved with all the insoluble cellulosic
carbon sources tested, while the use of glycerol and lactose
as carbon sources resulted in very low cellulase induction,
although total protein secretion was similar for all the car-
bon sources tested. A potential strategy therefore seemed to
be the use of glycerol alone for the initial microbial bio-
mass growth, which could then be followed by the addition
of a more suitable cellulase inducer. The selection of a car-
bon source able to enhance fungal growth without leading
to catabolite formation is highly desirable, because a high
concentration of microbial biomass is required in cultiva-
tions in order to maximize volumetric enzyme productivity
and attain high titers. Therefore, the use of high cell den-
sity cultivation is required in order to improve cellulases
production. To the best of our knowledge, there has been
no work concerning the evaluation of such a strategy for
improving cellulase production by 7. harzianum. Floren-
cio, Cunha, Badino and Farinas [14] compared the produc-
tion of cellulolytic enzymes of 7. harzianum P49P11 and
T. reesei Rut-C30 using steam explosion-pretreated sug-
arcane bagasse by submerged fermentation. In this study
the 7. harzianum P49P11 showed superior capacities for
B-glucosidase (26.1 + 5 IU/L), Avicelase (53.0 £ 16 IU/L)
and FPase (21.2 £+ 4 FPU/L) than T. reesei Rut C30
(6.3 £ 0 IU/L of B-glucosidase; 9.1 &= 1 IU/L of Avicelase
and 5.2 &+ 0 FPU/L of FPase). The production of cellulo-
lytic enzymes was also maximum for a 7. harzianum strain
isolated from the Brazilian Cerrado when compared with T.
reesei Rut-C30 (ATCC 56765) grown on in natura sugar-
cane bagasse [4].

Aspergillus niger is known worldwide for its ability to
produce an extensive range of xylanases and B-glucosidase
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[36]. Robl et al. [28] screened an endophytic A. niger DR02
and obtained maximum xylanase activity (4.5 IU/mL) and
B-glucosidase (1.16 IU/mL) in 120 h of incubation by sub-
merged fermentation using pretreated delignified sugar
cane bagasse plus soybean bran as carbon source. The pro-
duction of xylanase and B-glucosidase for T. harzianum
P49P11 using the same substrate was 84.40 and 8.33 TU/
mL, respectively [10].

This work investigates the influence of different sub-
strates selected as carbon sources for either growth or
induction during the production of biomass and cellulase
by T. harzianum. Larger-scale cultivations in a stirred
tank bioreactor were carried out under the selected condi-
tions. The combination of the use of glycerol for high cell
density growth followed by cellulase induction using pre-
treated sugarcane bagasse is proposed as a novel strategy
for improving cellulase production.

Methods
Microorganism

The T. harzianum PA9P11 strain used in this work was a
wild-type strain isolated from the Amazon rainforest [11],
kept at the Embrapa Food Technology microorganism
collection (Rio de Janeiro, Brazil) under strain number
BRMCTAA 115. The fungus was stored at 4 °C on slants
of potato dextrose agar (PDA) (Difco, Detroit, USA). The
PDA plates were subsequently incubated at 29 °C for
7 days.

Pretreated sugarcane bagasse

Three different pretreated sugarcane bagasses were used:
steam explosion pretreated (SB), delignified steam-
exploded (DSB), and hydrothermally pretreated (HB). SB
was pretreated by steam explosion at 200 °C for 15 min,
and for DSB the same procedure was used, followed by
delignification (100 g/L pulp concentration, 10 g/L. NaOH,
30 °C, 2 h), as described by Rocha et al. [29]. HB was pre-
pared according to Santucci et al. [30] using a solid/liquid
ratio of 1:10 (w/w), in a 2 L high-pressure reactor (Model
4848, Parr) kept at 190 °C for 12 min.

The chemical compositions of the pretreated bagas-
ses were determined according to the National Renew-
able Energy Laboratory (NREL) method [32]. The samples
were hydrolyzed with H,SO, (72 %, w/w) for 1 h at 30 °C
in a thermostatic bath, followed by dilution to 4 % (w/w)
acid concentration and autoclaving at 121 °C for 1 h in
pressure-resistant glass tubes. After filtration, the insoluble
lignin content was determined gravimetrically (with correc-
tion for the ash content), while soluble lignin in the filtrate
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Table 1 Composition of cellulose, hemicellulose, lignin and ash in percentage of the pretreated sugarcane bagasse

Bagasse Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%)

Steam-pretreated bagasse (SB) 57.1+£0.3 109 £ 0.1 27.6 £ 0.8 4.6 £0.0
Delignified steam-exploded pretreated bagasse (DSB) 74.0 £ 0.1 6.8 + 0.1 16.2 £0.0 49+0.1
Hydrothermal pretreated bagasse (HB) 740+ 1.3 6.0+0.5 26.0£0.1 0.2+0.1

was determined by ultraviolet absorbance at 280 nm. Car-
bohydrates, organic acids, and furanic aldehydes were
determined by high performance liquid chromatography
(HPLC).

In addition, the dried and milled pretreated bagasses
were combusted in a furnace at 575 °C and the remaining
ash was measured. Table 1 summarizes the contents of cel-
lulose, hemicelluloses, lignin, and ash in the SB, DSB, and
HB materials.

Enzyme production

In the present work, enzyme production was divided
into two steps: (a) a pre-culture in a carbon source, fol-
lowed by (b) induction with the DSB pretreated sugarcane
bagasse.

Selection of pre-culture conditions

A conidia suspension, prepared by adding 20 mL of steri-
lized distilled water and Tween 80 to the grown PDA plates,
was transferred to Erlenmeyer flasks containing 180 mL
of pre-culture medium (adapted from Mandels and Weber
[21]). The composition of the medium was as follows:
I mL Tween 80; 0.3 g/L urea; 2.0 g/L KH,PO,; 1.4 g/L
(NH,),SO,4; 0.4 g/L. CaCl,-2H,0; 0.3 g/L-MgSO,-7H,0;
1.0 g/ proteose peptone; 5.0 mg/L FeSO,-7H,0;
1.6 mg/L MnSO,-4H,0; 1.4 mg/L. ZnSO,-7H,0; 2.0 mg/L
CoCl,-6H,0; and the carbon source (as described below).
Unless stated, 50 mM potassium phthalate buffer was
employed in order to mitigate the effect of pH fluctuations
on enzyme production. The initial pH was adjusted to 5.0
and the pre-culture medium was sterilized at 121 °C for
30 min, followed by incubation for 96 h at 29 °C in a rotary
shaker operated at 200 rpm.

The following carbon sources were used to identify the
best pre-culture, in terms of the maximum amount of total
protein excreted [6]: lactose (10 g/L) and glycerol (10 g/L)
as carbon sources for growth; sucrose (10 g/L), 10, 40, and
80 % (v/v) of the filtrate fractions obtained after hydro-
thermal pretreatment of sugarcane bagasse, and fructoo-
ligosaccharide (FOS, 10 g/L) (Nutraflora®, Corn Products,
Brazil) as carbon sources for both growth and induction;
Celufloc™ 200 (10 g/L) and the three types of pretreated

Table 2 Cellulase induction strategy by 7. harzianum using glycerol
as pre-culture carbon source and five different cultivation using DSB

Concentration of DSB (g/L) and feed
mode used for induction

Carbon source used for
pre-culture

Batch Fed-batch
Time zero After 36 h After 60 h
Control
10 g/L glucose 10 - -
10 g/L Celufloc™
20 g/L glucose 10 - -
20 g/L Celufloc™
Strategy
Glycerol (g/L) 10 10 -
10 10 10 10
20 10 - -
10 20 5 5
20 30 - -

sugarcane bagasse (SB, DSB, and HB, at 10 g/L each) as
carbon sources for induction.

Selection of the cellulase induction strategy

After the 48 h pre-culture period, a 10 % (v/v) vol-
ume (prepared as described above) was inoculated into
200 mL of culture medium in 500 mL Erlenmeyer flasks.
The composition of the induction medium was the same
as that of the pre-culture medium, except for the type of
carbon source (specified below). The flasks were incu-
bated at 29 °C in a rotary shaker at 200 rpm for a total
period of 120 h. Two control conditions and five dif-
ferent cultivation strategies were tested, as follows the
Table 2.

Microscopy observations

Microscopy observations of the fermentation broth were
carried out using an Eclipse E100 microscope (Nikon,
Tokyo, Japan) with a DS-U3 digital camera controller and
NIS-Elements software. Sterile 20 pL aliquots were col-
lected after 72 h from pre-cultures cultivated using glucose
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and glycerol. The images were acquired after focusing with
a40x/0.65 NA objective lens.

High cell density bioreactor cultivations

A 110 mL volume of the pre-culture obtained using 20 g/L
glycerol was transferred to a BioFlo 115 fermenter (New
Brunswick Scientific Co., USA) equipped with automatic
control of temperature, pH, agitation rate (Rushton impel-
ler), and aeration rate. The working volume of the fer-
menter was 1.1 L, and the temperature was maintained at
29 °C. The medium used was the same as that employed
for the pre-culture, except that the carbon source was del-
ignified steam-exploded sugarcane bagasse (DSB) (30 g/L,
batch culture). The aeration rate was adjusted so that the
dissolved O, level in the culture medium did not drop
below 30 % of air saturation. The pH was controlled at pre-
set values using either 0.4 M H,SO, or aqueous NH,OH
solution (1:3). Foaming was controlled by the manual addi-
tion of previously sterilized polypropylene glycol antifoam-
ing agent (P2000, Dow Chemical, Brazil). The antifoaming
agent was added in a proportion of 1 mL per liter, at the
beginning of each cultivation. Samples were periodically
removed, centrifuged at 10,000g for 20 min (at 4 °C), and
measurements made of the enzyme activities (as described
in “High cell density bioreactor cultivations”).

Analytical methods

Filter paper activity (FPase) was determined as described
by Ghose [15], with modifications to reduce the scale of
the procedure by a factor of ten. Reducing sugars were
measured by the DNS method, using glucose as stand-
ard. The activity of p-glucosidase was measured at pH 4.8
using p-nitrophenol-B-p-glucopyranoside (pNPG) (Sigma-
Aldrich, USA). The assay was carried out using 20 pL
of diluted centrifugation supernatant and 80 pyL of 1 mM
pNPG, diluted in 50 mM citrate buffer (pH 4.8), and the
mixture was incubated for 10 min at 50 °C. The reaction
was stopped by adding 100 pL of 1 M Na,CO;, and the
absorbance was measured at 400 nm. The xylanase activ-
ity was determined employing 50 pL of 0.5 % birchwood
xylan, 40 WL of 50 mM sodium citrate buffer (pH 4.8), and
10 pL of enzyme extract (supernatant from the centrifuged
culture). After 10 min of incubation at 50 °C, the reaction
was stopped by adding 100 wL of DNS reagent, the meas-
urement was made at 540 nm, and the standard curve was
constructed with xylose.

Total protein in the centrifuged supernatant was meas-
ured using micro plates with Bio-Rad protein assay rea-
gent (Bio-Rad Laboratories, USA), employing a procedure
based on the Bradford method [6]. Bovine serum albumin
was used as standard.
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The biomass concentrations in the pre-cultures used for
the bioreactor fermentations were determined with 50 mL
of culture medium, which was centrifuged in a 50 mL Fal-
con tube (10,000 rpm, 20 min, 10 °C), followed by removal
of the supernatant using a pipette. The biomass was
weighed after drying overnight at 80 °C.

Results and discussion
Effect of the carbon source used in the pre-culture step

The effect of the carbon source used in the pre-culture step
on the time course of the total amount of protein secreted
by T. harzianum is shown in Fig. 1. In this set of cultiva-
tions, 11 different carbon sources were investigated in order
to select the best carbon source to achieve high microbial
growth.

Figure 1a shows the effect on total protein secretion by
T. harzianum using carbon sources considered to be cel-
lulase inducers (SB, HB, DSB, and Celufloc™ 200) [9].
In this group, the best carbon source for total protein pro-
duction was DSB (7.15 mg/L h of total protein), followed
by Celufloc™ 200 (6.01 mg/L h). The use of pretreated
bagasses SB and HB resulted in similar values, of 4.75 and
5.66 mg/L h, respectively.

The effects on total protein secretion of the use of glyc-
erol and lactose as carbon sources in the pre-culture step
are shown in Fig. 1b. Glycerol was the best carbon source
for protein secretion, providing a faster production rate
(7.5 mg/L h at 72 h) and greater secretion (676.70 mg/L of
total protein after 96 h of cultivation). Similar behavior has
been reported previously for the use of glycerol as carbon
source for the production of phytase, an important indus-
trial enzyme used as an additive in feeds for swine, poultry,
and fish [33]. It was found that glycerol outperformed glu-
cose and methanol as carbon source, in terms of both pro-
tein expression and cell growth, corroborating the results
obtained in the present study.

Lactose is known to be a carbon and energy source for
cellulases production, and is a good inducer of protein syn-
thesis by T. reesei, but its use did not improve total protein
secretion by T. harzianum PA9P11 (3.64 mg/L h). This find-
ing was in agreement with the value reported by Delabona
et al. [10] (3.02 mg/L h) for a submerged fermentation pre-
culture employing lactose and the same fungal strain.

Figure lc presents the protein secretion results for dif-
ferent carbon sources used for both growth and induc-
tion: sucrose, the liquor from the hydrothermal pretreat-
ment of sugarcane bagasse, at concentrations of 10,
40, and 80 % (v/v) (liquor), and fructooligosaccharide
(FOS). For all of these soluble carbohydrate sources, pro-
tein secretion showed little variation during the first 60 h
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(sucrose: 5.58 g/L h; liquor 10 %: 6.03 g/L h; liquor 40 %:
5.96 g/L h; liquor 80 %: 5.0 g/L h; FOS: 5.24 g/L. h). When
liquor 80 % was used as the carbon source, the total pro-
tein decreased after 72 h, until the end of the cultivation
and low micelial growth was observated on the microscopy
(data no shown). This decrease in total protein was proba-
bly due to the high contents of inhibitors such as acetic acid
(1.47 £ 0.18 g/L), formic acid (0.23 £ 0.10 g/L), furfural
(1.05 £ 0.06 g/L), and soluble lignin (3.15 £ 0.49 g/L).
The same liquor was used for xylanase production by A.
niger DR02 fed-batch cultivation using different concentra-
tion of the liquor [22]. The authors obtained decreased cell
growth when high liquor concentrations were used, sug-
gesting possible negative effects of toxic compounds pre-
sent in the liquor. However, lower concentrations of liquor
(10 and 40 % v/v) appeared to induce protein synthesis.
The hemicelluloses are decomposed into soluble products,
including xylooligomers and xylose, which can be used
as substrates for the production of proteins such as xyla-
nases. The liquor that was used in this study contained very
high levels of xylooligosaccharides and free xylose (10 and
5 g/L, respectively). The pre-culture using sucrose showed
the same protein secretion rate obtained with liquor 40 %
(5.96 g/L h).

Microbial growth is normally associated with exponen-
tial increases in biomass when conditions are favorable
for growth and when nutrients are not limiting. In recent
work, protein secretion was shown to be correlated with
FPase activity, and maximum values of xylanase and
B-glucosidase were obtained for cultivation of Penicil-
lium echinulatum using Celufloc or DSB as carbon source
[25]. The relation between protein secretion and the growth

Time (h)

profile of the microorganism is therefore a key considera-
tion for increased enzyme production. Hence, the carbon
source used in the growth medium could be one of the
main factors affecting enzyme/protein production during a
fermentation process. The results showed that when glyc-
erol was used in the pre-culture for 7. harzianum growth,
protein secretion was favored, indicating that this could be
a potential way of increasing fungal biomass and conse-
quently enzyme production during fermentation.

Effect of carbon source on the morphology
of T. harzianum

The morphology of filamentous fungi plays an important
role in the secretion of enzymes and structural proteins.
It has been reported that protein secretion in filamentous
fungi mainly occurs at the tips of growing hyphae, and that
conditions favoring greater numbers of active tips should
improve protein yield [24].

Figure 2 shows the morphology of 7. harzianum grown
using 10 g/L glycerol (a) and 10 g/L glucose + 10 g/L
Celufloc™ (1:1) (b) as carbon sources in the pre-culture
step on minimal medium. The use of glycerol resulted
in long hyphae and a greater number of mycelia tips, so
higher protein secretion was expected. In contrast, use of
the glucose and Celufloc™ medium resulted in a greater
number of spores and fewer hyphae tips, indicative of
lower protein secretion. The findings of the macroscopic
morphological analysis were in good agreement with the
results obtained for the pre-culture step (Fig. 1), where
glycerol was shown to be the best carbon source for pro-
tein secretion (676.70 mg/L at 96 h). The use of Celufloc™
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Fig. 2 Effect of different carbon source on mycelial morphology.
Mycelial morphology generated by growing 7. harzianum in glycerol
10 g/L (a), and 10 g/L glucose + 10 g/L Celufloc™ (1:1) b at peak

enzyme activity (72 h) on a rotary shaker (temperature of 29 °C, an
agitation of 200 rpm and a culture pH of 5.0)

Table 3 Peak of FPase, xylanase and B-glucosidase activity using different bach cultures strategy by glycerol and control experiment (glucose)
on a rotary shaker at 200 rpm, at 29 °C for a total period of 120 h

Strategy Pre-culture Induction Peack of activities
Carbon source Carbon source FPase (FPU/mL) Xylanase (IU/mL) B-Glucosidase (IU/mL)

Control_1 10 g/L glucose 10 g/L DSB in batch 0.75 £ 0.04 67.00 £ 0.6 6.84 £0.3

Control_2 20 g/L glucose 10 g/L DSB in batch 0.8 £0.09 72.00 £ 0.4 6.93 £0.7

1 10 g/L glycerol 10 g/L DSB in batch 1.3 £0.02 79.00 £ 0.8 7.13+£04

2* 10 g/L glycerol 30 g/L DSB in fed-batch 1.42 +£0.07 88.00 £ 0.8 8.17 £ 0.08

3 20 g/L glycerol 10 g/L DSB in batch 1.56 £ 0.08 103.00 £ 0.1 9.71 £ 0.09

4v 10 g/L glycerol 30 g/L DSB in fed-batch 1.6 £ 0.01 106.00 + 0.1 102 £0.2

5 20 g/L glycerol 30 g/L DSB in batch 1.76 £ 0.03 115.00 £ 0.2 16.5+0.3

# In the strategy 2 was used 10 g/L initial DSB concentration followed by two further DSB additions at 36 (10 g/L) and 60 h (10 g/L) of fermen-
tation to give a total of 30 g/L.

b n the strategy 4 was used 20 g/L initial DSB concentration followed by two further DSB additions at 36 (5 g/L) and 60 h (5 g/L) of fermenta-

tion to give a total of 30 g/L

for fungal growth also resulted in good protein secretion
(577.39 mg/L at 96 h). However, the addition of glucose to
the pre-culture medium stimulated sporulation and resulted
in the production of only a small amount of mycelium,
which restricted protein secretion.

Ahamed et al. [1] described the way in which fungal
morphology influenced the volumetric cellulase produc-
tivity of 7. reesei cultivated in media containing lactose
and lactobionic acid, and reported that enzyme production
depended on the number of tips per hypha. Similar results
were obtained by Amanullah et al. [2], who found a cor-
relation between hyphae tip activity and the specific amylo-
glucosidase productivity of Aspergillus oryzae.

Proteins are packaged within vesicles that are transported
to the cell surface, where they fuse with the plasma mem-
brane, releasing their contents to the periplasmic space; the
proteins may then remain within the periplasmic space, be
retained at the mature cell wall, or pass through the cell wall

@ Springer

into the medium [1]. With an increase in hyphae length, the
number of vesicles produced is likely to increase, explain-
ing the relationship between hyphae growth rate and length,
while the excess vesicles are used for the production of new
branches, explaining the exponential increase in the number
of tips at constant hyphae growth volume [24].

There are several mathematical models that can be used
to describe fungal growth Wangt al. [35], although few are
able to simultaneously consider the influence of morphol-
ogy on the formation of products such as proteins. In this
study, the microscopy evaluation showed that growth in
glycerol resulted in larger cells and provided an increase in
tip formation due to protein secretion.

Cellulase induction strategies

Table 3 presents the maximum FPase, xylanase, and
B-glucosidase activities achieved by 7. harzianum using
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different cultivation strategies. It was found that the use
of glycerol in the pre-culture step, strategies 1-5 (Table 2)
resulted in outperformance, compared to the control experi-
ments using glucose, controls 1 and 2 (Table 2), in terms of
all the enzyme activities measured, with values up to two-
fold higher.

When 20 g/L of glucose was used in the pre-culture step
(control 2), the results were almost the same as obtained
using 10 g/L of glucose (control 1). Catabolite repression
by glucose is a major mechanism that can halt the synthesis
of cellulase in filamentous fungi [3]. Ilment al. [17] showed
that glucose acts as a repressor of cellulase synthesis at the
transcriptional level in 7. reesei cultivations. On the other
hand, it was found that glycerol is a readily available car-
bon source for the growth of T. reesei and is neutral in
terms of cellulase biosynthesis, without either promoting
or inhibiting the process [17]. No cellulase mRNAs was
detected when T. harzianum P49P11 grown on glycerol
(unpublished data) suggesting that glycerol may be con-
sidered also a “neutral” carbon source for 7. harzianum.
Therefore, the use of Strategies 1-5, performed with glyc-
erol as carbon source in the pre-culture step, probably led
to higher enzyme activity values because of an absence of
repression.

Increasing the glycerol concentration in the pre-culture
step from 10 g/L (strategy 1) to 20 g/L (strategy 3) resulted
in a further increment in enzymatic activity, compared to
the controls (Table 3). However, the difference between
these strategies was not substantial, with FPase titers of
1.3 £ 0.2 FPU/mL (strategy 1) and ~1.6 £+ 0.8 FPU/mL
(strategy 3). For xylanase and PB-glucosidase, an increase
of the glycerol concentration in the pre-culture step
resulted in an increment in the titers of these enzymes
(79.00 £ 0.8 IU/mL and 7.13 £+ 0.4 IU/mL respectively,
using strategy 1, and 103.00 & 0.1 and 9.71 % 0.09 IU/mL,
respectively, using strategy 3). For applications such as the
enzymatic hydrolysis of sugarcane bagasse, the enzymatic
cocktail from strategy 3 would be preferable, due to the
higher contents of xylanase and p-glucosidase.

When further additions of 10 g/L. DSB were made at 36
and 60 h, using 10 and 20 g/L of glycerol in the pre-culture
(fed-batch Strategies 2 and 4, respectively), the enzymatic
activities were increased. In the case of strategy 5, using
20 g/L of glycerol in the pre-culture and batch induction
with 30 g/L of DSB, the FPase and p-glucosidase activities
showed up to twofold increases (1.76 £ 0.03 FPU/mL and
16.5 £ 0.3 IU/mL, respectively). Despite the high cellulose
concentration (30 g/L), the use of a rotary shaker for the
cultivations provided adequate oxygen and mass transfer,
favoring cell growth and the maintenance of activity.

Delabona et al. [10] found that FPase activity could be
improved up to threefold by increasing the DSB concen-
tration from 2 to 3 % during submerged cultivation of T.

harzianum P49P11 in a stirred tank bioreactor. dos Reis
et al. [12] studied the growth of Penicillium echinulatum
and obtained higher B-glucosidase activity when a high cel-
lulose concentration was employed (5.8 IU/mL at 168 h of
cultivation using 60 g/L of cellulose). Maedaet al. [20] used
different feeding strategies to enhance cellulase production
by T. reesei RUT C30, and found that the highest cellulase
activity (19.07 FPU/mL) was obtained using a strategy
with 50 g/L initial cellulose concentration and then feeding
at intervals of 6 h (27.13 g for the first feed, followed by
progressive decreases of 5 g in subsequent feeds).

The best strategy identified in the shaker flask tests
(strategy 5:20 g/L of glycerol in the pre-culture, and batch
induction with 30 g/L of DSB as shown Table 3) was evalu-
ated at a larger scale using a bioreactor, in order to validate
the previous results and enable use of the procedure in pilot
scale trials.

Stirred tank bioreactor cultivations using high cell
density

The selected conditions for the pre-culture step were firstly
used to identify the time required for the complete con-
sumption of glycerol and attainment of the peak biomass
concentration for inoculation of the bioreactor (Fig. 3).

In these experiments, an initial glycerol concentration of
20 g/L was used, and after 72 h, the glycerol was almost
exhausted (2.86 g/L). A maximum biomass concentration
of 9.09 g/L was achieved at 72 h. In order to ensure a high
cell concentration in the induction step, three flasks con-
taining the pre-cultures obtained using the above procedure
were mixed after 72 h, resulting in a T. harzianum total cell
mass of 5.46 g (dry basis). This biomass was transferred
to a bioreactor containing 30.0 g/L of DSB (batch culture),
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Fig. 4 FPase and total protein (a), and xylanase and B-glucosidase
(b) activities during cultivation of 7. harzianum in a stirred tank bio-
reactor using 5.47 g of biomass and 30 g/L of inoculum media. The
results are presented as averages and standard deviations (error bars)
for cultivations carried out in duplicate

resulting in an initial biomass concentration of approxi-
mately 4.5 g/L. The time course of glucohydrolase produc-
tion during cultivation of 7. harzianum in the stirred tank
bioreactor, using DSB for cellulase induction, is illustrated
in Fig. 4a (FPase activity and protein concentration) and 4b
(xylanase and B-glucosidase activities).

The experiments revealed that the use of glycerol as car-
bon source for growth, with initial biomass concentration
of ~4.5 g/L, followed by induction with DSB, resulted in
the highest production of FPase (2.27 + 0.37 FPU/mL) and
good total protein secretion (2.35 + 0.1 mg/mL). Uzbas
et al. [34] reported a maximum of 45 mg/L of cloned cel-
lulase in their T. reesei QM9414 transformants. Figure 5
summarizes the results of the relationship between the
maximum FPAse values and the initial amounts of fungal
biomass inoculated in the cultivations carried out under all
the different strategies, using shake flasks or the bioreactor.

It was evident that a higher initial biomass concentra-
tion resulted in greater FPase activity (Fig. 5). The activi-
ties of the other glucohydrolases also benefited from

@ Springer

3.0

2.5 4

2.0 4

1.5 4 "

1.0 -

Peak of FPase activity (FPU/mL)

0.5 T T T T
0 1 2 3 4 5

Initial biomass concentration (g/L)

Fig. 5 Peak of FPase activity using T. harzianum P49P11 cultivation
followed by cellulose induction with increasing initial biomass con-
centration using different strategies (see text for explanation)

the high cell density protocol. In the bioreactor cultiva-
tions, the maximum xylanase and P-glucosidase activi-
ties obtained were 106.40 £ 8.87 and 9.04 £ 0.39 IU/mL,
respectively (Fig. 4). For the control experiments using
20 g/L of glucose and 20 g/L of Celufloc™ 200 as carbon
source in the pre-culture step (instead of glycerol), values
of 0.77 = 0.02 FPU/mL and 0.89 & 0.01 mg/mL of total
protein were obtained. Lower values were also found for
the other activities (78.77 £ 5. 35 IU/mL of xylanase and
8.04 + 1.01 TU/mL of B-glucosidase).

The use of high cell density culture systems makes it
possible to achieve high productivity of various metabo-
lites. Maeda et al. [20] evaluated the profile of cellulase
production by Penicillium funiculosum, using different
inoculum concentrations and with glucose and sugar cane
bagasse as substrates. A higher pre-inoculum concentra-
tion resulted in increases in enzyme titers and volumetric
productivity, with percentage increases of 88.0, 84.0, and
42.0 % for the activities of FPase, Avicelase, and CMCase,
respectively.

The goal is to obtain an improved method for cellulases
production that provides greater productivity and offers an
alternative option for the on-site production of enzymes.
According to Himmel et al. [16] and Pradella, Rossell,
Scandiffio, Cunha, Pinho and Bonomi [27], productivity
of 75 FPU/L h is desirable for the production of cellulases
used in industrial processes with cellulose as carbon source.
In this study, the calculated FPase production rate was about
37.5 FPU/L h using glycerol in the pre-culture followed by
induction with pretreated sugarcane bagasse (DSB). This
value is almost twofold higher than obtained earlier for 7.
harzianum P49P121 (16.8 FPU/L h) in a batch reactor using
DSB + sucrose culture medium [9], and about 1.5-fold
higher than achieved with a mutant strain of P. echinulatum
cultivated in a fed-batch bioreactor using DSB as carbon
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source (24.3 FPU/L h) [25]. Bigelow et al. [5] reported
3.1 FPU/L h for T. reesei RUT-C30 grown on bagasse pre-
treated with hot water. Kovdcs et al. [18] described the pro-
duction of cellulase by a mutant strain of 7. atroviride, using
pretreated willow as the carbon source in submerged bio-
reactor fermentation, and achieved a value of 9.2 FPU/L h.
Benoliel, Torres and de Moraes [4] reported 15.4 FPU/L h
for the T. harzianum 1.04 strain grown using in natura sug-
arcane bagasse. Hence, compared to the values reported in
the literature, very high cellulase productivity was obtained
here for T. harzianum P49P11 grown using glycerol fol-
lowed by induction with pretreated sugarcane bagasse.

Glycerol is reported to be a neutral carbon source for
T. reesei [17], and the present data seem to suggest this is
also true for T. harzianum. Use of a high cell concentra-
tion for cellulase production resulted in a higher enzyme
titer and faster biosynthesis, which could be explained by
a low availability of glucose to the cell population, allevi-
ating catabolite repression and hence increasing cellulase
biosynthesis. This promising strategy enables us to propose
a two-phase cellulase production process: the first phase
is devoted to the production of biomass at a high cell den-
sity, using a readily available carbon source that presents
low catabolite repression, and this is followed by a second
phase with an inductor.

Conclusions

The results described here demonstrate the importance of
adding glycerol to cultivation media used for the produc-
tion of biomass-degrading enzymes, offering an alternative
option for on-site enzyme production. The T. harzianum
P49P11 strain showed good ability to produce cellulase
when grown on glycerol followed by induction with pre-
treated sugarcane bagasse. This appeared to be due to a
greater number of active tips of the mycelia, as well as long
hyphae, which increased the protein secretion capacity.
This proposed strategy for cellulase production using glyc-
erol for high cell density growth of 7. harzianum, followed
by induction with pretreated sugarcane bagasse, appears to
be a viable means of increasing cellulase production, while
at the same time adding value to glycerol, a byproduct of
the biodiesel industry.
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