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Abstract Penicillium echinulatum was evaluated as a cel-
lulolytic enzyme producer in shaking flasks and bioreactor
submerged culture using sugarcane bagasse as carbon
source. Sodium hydroxide delignified steam-exploded
pretreated bagasse (SDB) and hydrothermal pretreated ba-
gasse had a maximum filter paper activity (FPase) of 2.4 and
2.6 FPU/mL, respectively. Delignified acid pretreated ba-
gasse and Celufloc 200TM (CE) carbon sources displayed
maximum FPase of 1.3 and 1.6 FPU/mL while in natura
bagasse (INB) provided the lowest enzyme activity, ca. 0.4
FPU/mL. Measurement of surface specific area of lignocel-
lulosic material and scanning electron microscopic images
showed a possible correlation between fungal mycelia ac-
cessibility to lignocellulosic particles and obtained cellulo-
lytic enzyme activity of fermentation broth. Fed-batch
experiments performed in a controlled bioreactor attained
the highest value of FPase of 3.7 FPU/mL, enzyme produc-
tivity of 25.7 FPU/L h, and enzyme yield from cellulose
equal to 134 FPU/g with SDB. Enzyme hydrolysis of steam-
pretreated bagasse accomplished with the obtained superna-
tant of fermentation broth (10 FPU/g of biomass and
5 % w/v) performed better than commercial cellulose com-
plex. The results showed that P. echinulatum has potential to
be used as an on-site enzyme platform aiming second
bioethanol production from sugarcane lignocellulosic
residue.
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Introduction

Over 40,000,000 tons of bagasse and leaves from sugarcane
are generated every season in Brazil, and this material has
become recognized worldwide as one of the most important
lignocellulosic wastes for second generation bioethanol pro-
duction. Its utilization could increase Brazilian ethanol pro-
duction by 40 % for the same area of sugarcane crop [1].

Enzymatic hydrolysis is the preferred technique for re-
lease of fermentable sugars from lignocellulosic biomass.
However, the main bottleneck for wider application of cel-
lulases in second generation ethanol production is their cost,
especially considering that large quantities of the enzymes
are required [2]. The cost is a function of enzyme produc-
tivity (the amount of enzyme produced in a defined biore-
actor volume according to time), enzyme yield from the
carbon source (Yp/5, the amount of enzyme produced
according to the amount of carbon source consumed), en-
zyme product recovery, formulation, and transportation, as
well as its tax for commercialization.

As a low-cost feedstock [3], cellulosic biomass is an ideal
carbon source for enzyme production. It is therefore logical to
try to produce, on-site, tailor-made enzymatic mixtures that
are optimized for the specific feedstock to be processed.
Furthermore, the use of the same material for enzyme produc-
tion and hydrolysis at the same location should help to reduce
the production costs of second generation ethanol since both
steps of the operation could be undertaken in the same place
and benefit from the installed infrastructure (including the
provision of water, electricity, and steam). Other advantages
are avoidance of downstream operations including unneces-
sary product formulations, transport from the manufacturer to
the consumer, and storage for long periods [3, 4].
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Trichoderma reesei secreted the most studied cellulase
complexes, and it is currently used as an important micro-
organism for the cellulase enzyme industry. On the other
hand, fungi of the genus Penicillium, such as Penicillium
echinulatum, have shown the ability to produce a complete
set of cellulolytic enzymes with high filter paper activity
(FPase), a satisfactory [3-glucosidase to FPase ratio, and the
capacity to hydrolyze pretreated sugarcane bagasse with
very high yields [5, 6, 7, 8]. It is therefore clear that these
fungi are potential alternative candidates for industrial cel-
lulase enzyme complex production. Nonetheless, a better
understanding is needed concerning the response of P.
echinulatum to sugarcane bagasse as carbon source.

The present paper reports on efforts to understand the
type of sugarcane bagasse pretreatment that might be used to
generate a suitable carbon source for enzyme production.
The behavior of P. echinulatum was investigated in batch
and fed-batch submerged bioreactor fermentation using this
type of carbon source, and the potential of the resulting
enzyme complex to perform enzymatic biomass hydrolysis
was evaluated. The following pretreatments were tested:
milled in natura bagasse (INB), steam explosion followed
by NaOH delignification (DSB), acid treatment followed by
NaOH delignification (DAB), and hydrothermal pretreatment
(HB). The results were compared with those obtained using
Celufloc 200™ (CE), a pure microcrystalline cellulose sup-
plied by Celufloc Ind. Com. (Sao Paulo, Brazil). The chemical
composition, specific surface area, and morphology (using
scanning electron microscopy) of the different types of
pretreated bagasse were also assessed in order to better under-
stand the enzyme yields obtained.

Materials and Methods
Organism and Inoculum Preparation

The P. echinulatum 9A02SI (DSM18942) strain was
obtained by mutation and selection [9], and has already been
identified for its potential to produce cellulases and related
enzymes [5, 6]. Stock cultures were stored at 8 °C on potato
dextrose agar (PDA) slants. The fungus was grown in
PDA (in 250-mL Erlenmeyer flasks containing 50 mL
of medium) at 29 °C for 7 days. A conidia suspension,
obtained by adding 20 mL of sterilized distilled water
and Tween 80, was transferred to the inoculum media
(Table 1).

Erlenmeyer Flask Experiments
The Erlenmeyer flasks were incubated for 72 h at 200 rpm at

29 °C. A volume equal to 10 % of the grown culture was
then transferred to 1-L Erlenmeyer flasks containing

Table 1 Media composition for enzyme production. *Concentration
of the carbon source was different from 10 g/L for the assays in which
the total weight was calculated so that the cellulose content was 10 g/L
(see Fig. 1)

Composition Pre-inoculum medium Production media
Glucose 10 g/L -

Carbon source 10 g/L (Celufloc™ 200) 10 g/L*

Proteose peptone 1 gL 1 gL

Saline solution
Tween 80

10 % (v/v)
0.1 % (v/v)

10 % (v/v)
0.1 % (v/v)

 Carbon source varied for experiments in shaking flasks and bioreac-
tor; see text for explanation

200 mL of the production media (Table 1). The concentrated
saline solution used [10] contained (g/L) KH,PO, (20.0),
(NH4),SO4 (14.0), urea (3.0), MgSO,47H,O (3.0), CaCl,
(3.0), FeSO4-7H,0 (0.05), ZnSO4 7H,0 (0.014),
MnSO4-H,0 (0.016), and CoCl, (0.02). The compositions
of the carbon sources tested are provided in Table 2. The pH
of the culture medium was adjusted to 5.3 before steriliza-
tion in an autoclave at 121 °C for 20 min.

The assays were performed in triplicate, with incubation
of the shaker flasks for 7 days at 29 °C and 200 rpm in an
Excella E24N incubator (New Brunswick Scientific, USA),
with samples being periodically removed and analyzed to
determine the concentrations of cellulase and protein.
Hemicellulases and (3-glucosidase were analyzed after
144 h of fermentation, as described below.

Bioreactor Experiments

Batch experiments were performed using 1.5 L or 3.0 L
working volume bioreactors (BioFlo 115, New Brunswick
Scientific, USA) equipped with three flat blades Rushton-
type impellers. The experimental conditions were a tempera-
ture of 29 °C, a dissolved O, concentration equivalent to 30 %
of air saturation, and a pH of 5.0, adjusted using 0.4 M H,SO,
or aqueous NH4OH solution (1:3). Foaming was controlled by
the manual addition of previously sterilized polypropylene
glycol antifoaming agent (P2000; Dow Chemical, Brazil).
Samples were periodically removed and centrifuged at
10,000xg and 10 °C for 20 min. The cellulase, xylanase,
and glucosidase activities, as well as the protein con-
centration, were determined as described below. The
same culture media were used in the batch and shaker
flask experiments.

Fed-batch experiments were performed using an initial
batch under the conditions described above, followed by
periodic additions of dry CE or DSB in order to main-
tain an unlimited carbon source throughout the experi-
ment. Different bioreactor protocols were tested, as
follows:
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Table 2 Composition and specific surface area (m*/g) of in natura and pretreated sugarcane bagasse used as carbon source for cellulase production

in submerged fermentation by Penicillium echinulatum

Carbon source Cellulose Hemicellulose Lignin (%) Ash (%) Specific surface
(%) (%) area (m?/g)
In natura bagasse (INB) 49.5+1.7 24.3+0.8 22.7+0.1 0.3£0.1 0.65+0.11
Celufloc™ 200 (CE) - - - - 0.78+0.15
Delignified acid pretreated bagasse (DAB) 89.0+1.3 3.5+0.2 5.240.2 2.5+0.1 0.80+0.10
Hydrothermal pretreated bagasse (HB) 74.0+1.3 6.0+0.5 26.0+0.1 0.2+0.1 1.07+0.16
Steam-pretreated bagasse (SB) 51.7+0.6 8.9+0.1 34.3+0.3 5.5+£0.2 Not determined
Delignified steam-exploded pretreated bagasse (DSB) 89.5£1.6 3.36+0.28 5.47+0.16 1.44+0.11 1.30+0.15

Protocol A: batch with an initial CE concentration of
10 g/L.
Protocol B: fed batch with an initial CE concentration of
10 g/L, followed by two further additions at
29 and 54 h of fermentation, to give a total of
31 g/L of CE.
fed batch with an initial CE concentration of
10 g/L, followed by four additions at 43, 69,
94, and 143 h, to give a total of 49 g/L of CE.
Protocol D: batch with an initial DSB concentration of
10 g/L.
fed batch with an initial DSB concentration of
10 g/L, followed by four additions at 24, 48,
72, and 96 h, to give a total of 46 g/L. of DSB.

Protocol C:

Protocol E:

Hydrolysis Assays

The hydrolysis was performed in 250-mL shaker flasks
containing a liquid volume of 50 mL, using steam-
pretreated bagasse as substrate. The steam pretreatment
was performed at Largo do Rosario mill (Orlandia, Sao
Paulo, Brazil), using 800 kg of in natura bagasse in a 5-m’
reactor. After adding 22 bar of superheated steam, the reac-
tion temperature was raised to 200 °C, followed by sudden
decompression of the bagasse bed down to normal pressure.
The resulting mash was removed from the reactor, separated
from the hydrolysis liquor in a press filter, washed with
water until neutral pH was reached, dried at room tempera-
ture, milled, and classified using a 35 mesh screen. Hydro-
lysis of the steam-pretreated bagasse was performed using a
concentration of 10 % (w/v, dry basis), and the added
enzyme loading corresponded to 10 FPU/g substrate. The
supernatant of a 144 h P. echinulatum culture grown on
DSB was used for the hydrolysis studies, and the commer-
cial cellulase enzyme complex Accelerase 1500 (Genencor,
Palo Alto, CA, USA) was used as a control under the same
hydrolysis conditions. Sodium azide was added to a con-
centration of 2 % (0.2 g/L) in order to inhibit microbial
contamination. The volume was adjusted with 50 mM sodi-
um citrate (pH 4.8), and the hydrolysis was carried out at
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50 °C and 150 rpm. Samples were periodically withdrawn,
centrifuged at 12,000xg for 5 min, and stored at —20 °C. The
supernatant was purified using Sep-Pak C18 cartridges, after
which glucose, xylose, cellobiose, and arabinose were mea-
sured using a Dionex Ultimate 3000 HPLC fitted with an
Aminex HPX-87H column kept at 50 °C. A Shodex infrared
detector was operated at 40 °C, and the mobile phase was
0.005 M H,SO,, at a flow rate of 0.5 mL/min.

Microscopy Examination

After the fermentation period, the contents of the flasks were
centrifuged at 4,000xg and 12 °C for 20 min (Eppendorf
5810R centrifuge). Blank flasks were prepared as described
above, without addition of inoculum. After 96 and 144 h
(for blank and fermented flasks, respectively) in a shaker at
200 rpm and 29 °C, the contents of the flasks were
centrifuged at 3,000xg and 12 °C for 20 min. The pellets
formed were lyophilized (Labconco Freezone 6 Benchtop)
and stored at —80 °C prior to examination using scanning
electron microscopy (SEM). The lyophilized samples were
coated with a thin layer of gold in a sputter coater and were
then observed with a JSM-5900 LV microscope operated
using an acceleration voltage of 10 kV.

Specific Surface Area Measurements

The specific surface areas (SSA) of the substrates used as
carbon sources were measured with a surface area and
porosity analyzer (Assay 2020; Micromeritics). The samples
were dried for about 25 h at 70 °C, using a temperature
gradient of 1 °C/min, an evacuation rate of | mm Hg/s, a
vacuum set point of 10 um Hg, and an evacuation time of
60 min. Nitrogen was used to analyze the samples, and
helium was used to calculate the dead volume. The standard
deviation was calculated from at least five measurements at
increasing pressures. The SSA was calculated using the
Asap 2020 program, based on single and multipoint BET
surface areas. The values were further corrected to account
for the influence of the sample tube.
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Analytical Methods

Filter paper activity (FPase) in the centrifugation supernatant
was determined as described by Ghose [11], with modifica-
tions so that the scale of the reaction was reduced 10-fold.
Reducing sugars were measured by the dinitrosalicylic acid
(DNS) method, using glucose as standard.

The xylanase activity measurement was adapted from the
literature [12]: 10 uL of diluted centrifugation supernatant was
mixed with 40 pL of 50 mM sodium citrate buffer (pH 4.8) and
50 pL of birchwood xylan or beechwood xylan (Sigma-Aldrich,
St. Louis, MO, USA) at 0.5 % (w/v), and incubated at 50 °C for
10 min. The concentration of the carbohydrate released was
measured by the DNS method, using xylose as standard.

3-Glucosidase activity was measured using p-nitrophenol-
[3-D-glucoside (Sigma-Aldrich), as described in the lit-
erature [13]. The assay contained 10 pL of diluted centrifuga-
tion supernatant, 30 uL of 50 mM citrate buffer (pH 4.8), and
20 pL of 12 mM p-nitrophenol-3-D-glucoside, and incubation
was carried out at 50 °C for 10 min. The reaction was stopped
by adding 120 pL of 1 M Na,COs, and the absorbance was
measured at 412 nm. One unit of enzyme activity was defined
as the amount of enzyme required to release 1 pmol of reducing
sugar per minute under the assay conditions.

Protein concentrations were measured in micro plates using
Bio-Rad protein assay reagent (Bio-Rad Laboratories, Hercu-
les, USA). Bovine serum albumin was used as standard.

The concentration of residual cellulose was estimated as
described previously [14]. A 5-mL volume of fermentation
broth was centrifuged in a 15-mL Falcon tube (3,000xg,
20 min, 12 °C). The pellet was suspended in 1.5 mL of
reagent (consisting of a mixture of 40 mL of acetic acid,
10 mL of water, and 5 mL of nitric acid) and boiled in a
water bath for 30 min. The supernatant was removed, and
5 ml of water was added. The mixture was then centrifuged
(3,000%g, 20 min, 12 °C), the supernatant was discarded,
and the mass of residue was dried at 104 °C. The concen-
tration of residual cellulose was expressed as the mass of dry
residue per volume (5 mL) of fermentation broth.

Composition of the Carbon Sources

The different carbon sources were chemically characterized in
terms of their contents of cellulose, hemicellulose, and lignin,
using the methodologies described elsewhere [15]. All the anal-
yses were performed in triplicate. A representative 200 mg of
sample powder was hydrolyzed with sulfuric acid in two steps.
The primary hydrolysis was carried out with 72 % H,SO, at
45 °C for 5 min, with stirring, followed by dilution of the acid
concentration to 2.5 % and heating in an autoclave at 121 °C for
30 min. The samples were rapidly cooled to room temperature
on ice and then filtered through a porous crucible plate under
vacuum. The quantities of acid-soluble and insoluble (Klason)

lignin were determined spectrophotometrically and gravimetri-
cally, respectively. The cellulose and hemicellulose contents
were analyzed by high performance anion exchange—pulsed
amperometric detection (HPAE-PAD) using a Dionex ICS
3000 instrument fitted with CarboPac PA1 analytical and guard
columns (4 mm X 250 mm and 4 mm x 50 mm, respectively).
The monosaccharides present in the hydrolysates of the original
samples were converted to the percentage of polysaccharides (by
converting glucose to glucan). The HPAE-PAD monosaccharide
peak areas were converted to concentrations using calibration
standards of L-fucose, L-thamnose, L-arabinose, D-galactose, D-
glucose, and D-xylose (Sigma-Aldrich). The monosaccharide
weights were converted to hydrolysis factors considering the
dry weight of the original sample.

Results
Shaker Flask Experiments

Table 2 summarizes the cellulose, hemicellulose, and lignin
contents of the pretreated sugarcane bagasse and the commer-
cial Celufloc microcrystalline cellulose used as carbon sources.
The amounts of secreted protein and the activities of the cellu-
lolytic enzymes were influenced by the type of bagasse
pretreatment, and generally increased up to 144 h then reached
a plateau (Fig. 1). In natura bagasse gave the lowest enzyme
and protein production, with a maximum filter paper activity of
less than 0.5 FPU/mL, while the HB and DSB carbon sources
provided the highest cellulase production by the fungus. An
initial carbon source concentration of 10 g/L resulted in equal
performance of DSB and HB, with FPase activity of almost
2.5 FPU/mL at 144 h (Fig. 1a). Celufloc™ 200, which is
currently used as carbon source for cellulase production [5,
7], and DAB showed intermediate performance, with FPase
activities of 1.6 and 1.3 FPU/mL, respectively (Fig. 1a).
Protein secretion appeared to correlate with FPase activ-
ity, and maximum values of around 1 g/L were again
obtained for DSB and HB. The in natura bagasse provided
the lowest protein concentration (<0.5 g/L) (Fig. 1b), while
intermediate values were obtained for DAB and CE.
Hemicellulase production, expressed as xylanase activity,
was measured after a fermentation period of 144 h. Maximum
xylanase activity was achieved using DSB and HB, with slight
differences according to the type of substrate employed:
61.4 U/mL (DSB) and 59.4 U/mL (HB), using beechwood
xylan as substrate; and 55.3 U/mL (DSB) and 69.6 U/mL
(HB), using birchwood xylan as substrate. The xylanase ac-
tivities obtained for the other carbon sources using beechwood
and birchwood xylans, respectively, were (IU/mL) 51.1 and
50.8 (DAB), 30.0 and 25.2 (CE), and 16.1 and 29.3 (INB).
Maximum production of 3-glucosidase (3.1 IU/mL after
144 h fermentation) was obtained using CE as carbon
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Fig. 1 Time course of filter a
paper activity, FPase (a), and

protein concentration (b) for 3
shaking flasks experiments
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Celufloc™ 200 (CE), in natura
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and hydrothermal pretreated
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carbon source content of all
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source. The values for the other carbon sources were
(IU/mL) 1.7 (DAB), 1.2 (DSB), 0.9 (HB), and 0.3 (INB).
Table 3 summarizes the enzyme activities obtained for these
materials used as carbon sources. There was a tendency
towards higher cellulase activity (as measured by filter
paper activity) as the specific surface area increased. Hence,
the lowest and highest cellulase activities (0.39 and 2.46
FPU/mL, respectively) corresponded to the lowest and
highest SSA (0.65 and 1.30 m?/g, respectively). Typical
structures of in natura bagasse and DSB, before and after
fungal growth, are shown in the scanning electron micros-
copy images presented in Fig. 2. These reveal that there was
vigorous growth in the pretreated bagasse.

Bioreactor Experiments
A set of experiments were performed in order to evaluate the

performance of P. echinulatum in submerged bioreactor
fermentation with CE and DSB as substrates.
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Biosynthesis of cellulase was related to cellulose con-
sumption, and a peak value was obtained with exhaustion of
the carbon source (Fig. 3a, c). There was almost complete
consumption of the CE used as carbon source for P.
echinulatum grown in batch and fed-batch modes according
to protocols A, B, and C (10, 31, and 49 g/L of CE,
respectively) (Fig. 3c). Maximum FPase activities were
0.8 FPU/mL for the batch experiment and about 1.5 FPU/mL
at approximately 140-160 h for the fed-batch procedure,
irrespective of the amount of cellulose added and consumed
(Fig. 3a, c). The results showed that there was no consistent
ratio between the amounts of carbon source delivered and
consumed. The resulting enzyme protein concentration in-
creased from 0.5 g/L for the batch experiment up to a
maximum of 0.7-0.8 g/L in the fed-batch procedure, regard-
less of the amount of added and consumed cellulose
(Fig. 3b, ¢).

In the experiments using DSB, the added carbon source
(10 and 46 g/L for protocols D and E, respectively) had
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Table 3 Enzyme activities obtained at 144 h for shaking flasks exper-
iments with P. echinulatum grown on different carbon sources:
Celufloc™ 200 (CE), in natura bagasse (IN), delignified acid-

pretreated bagasse (DAB), delignified steam-explosion pretreated ba-
gasse (DSB), and hydrothermal pretreated bagasse (HB) as compared
with the commercial enzyme preparation Accelerase 1500

Enzyme source FPase B-Glucosidase Xylanase B-Glucosidase/FPU Xylanase/FPase
(FPU/mL) (TU/mL) (IU/mL) (IU/FPU) (IU/FPU)

INB 0.4 0.4 16.1 0.9 40.9

DAB 1.3 1.7 51.1 1.3 38.1

CE 1.6 3.1 30.0 2.0 19.1

HB 22 0.9 59.4 0.4 26.6

DSB 2.5 1.2 61.4 0.5 249
Accelerase 1500 168.2 109.2 365.6 0.6 2.2

been totally consumed at about 150 h. Maximum FPase
values were 1.5 and 3.7 FPU/mL, respectively, at 144 h
(Fig. 4a), with up to 4 g/L of secreted protein produced in
the fed-batch procedure (Fig. 4b). In contrast to the CE
experiments, in the case of DSB there was therefore a close
association between the amount of carbon source delivered
and the maximum FPase activity observed. The highest
enzyme productivity was achieved for fed-batch protocol
E (25.7 FPU/L h at 144 h fermentation time).

Similarly, the activities of xylanase and (3-glucosidase
were higher for the fed-batch procedure (protocol E) than

18kL

S B ki

for the batch procedure (protocol D), with values of 95.0
and 3.9 IU/mL, respectively, for the former and 69.6 and
1.0 IU/mL, respectively, for the latter (Fig. 4c, d).

Hydrolysis of Pretreated Bagasse Using the P. echinulatum
Enzyme Complex

The performance of the cellulase complex produced by P
echinulatum was evaluated for the hydrolysis of bagasse
subjected to conventional steam pretreatment (200 °C,
7 min). The composition of the pretreated bagasse (SB) is

Fig. 2 Scanning electronic microscopy images of in natura sugarcane bagasse before (a) and after the growth of P. echinulatum (c); delignified
steam-pretreated sugarcane bagasse (DSB) before (b) and after the growth of P. echinulatum (d)
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Fig. 3 Time course for bioreactor experiments with P. echinulatum
grown on Celufloc™ 200 (CE): FPase (a), protein concentration (b),
and cellulose concentration (¢) according to protocol A (filled trian-
gles), B (open circles), and C (filled squares). Protocol A: batch with
CE at initial concentration of 10 g/L. Protocol B: fed batch with CE
initial concentration of 10 g/l followed by two additions at 29 and 54 h
of fermentation up to CE = 31 g/L. Protocol C: fed batch with CE
initial concentration of 10 g/L followed by four additions at 43, 69, 94,
and 143 h up to CE =49 g/L
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shown in Table 2. The hydrolysis assays were performed
using the P. echinulatum cellulase cocktail produced with
DSB, and the results were compared with those obtained for
the commercial Accelerase 1500 cellulase enzyme complex.
The experiments were performed in triplicate, and the values
obtained are shown in Fig. 5.

In terms of maximum glucose concentration, the P.
echinulatum enzyme complex showed much better perfor-
mance than Accelerase 1500, with yields of 15.5 and
6.1 g/L, respectively, after 72 h of hydrolysis (Fig. 5a). On
the other hand, accumulation of cellobiose, a hydrolysis
intermediate, was always lower for the commercial complex
compared to the P. echinulatum enzyme complex (Fig. 5b).
In terms of pentose recovery from the pretreated biomass,
use of the P echinulatum complex and the commercial
enzyme gave similar low values of xylose concentration
with time (Fig. 5¢), and arabinose concentrations were always
below detectable levels for both enzyme complexes.

Discussion

Pretreated sugarcane bagasse was evaluated as carbon
source for P. echinulatum enzyme production in shaker
flasks and compared to the commercial Celufloc200™ cel-
lulose used as carbon source.

The different bagasse pretreatments produced a diversity of
materials for use as carbon sources (Table 2). Although the
structural lignin content of HB was much higher than that of
DSB (Table 2), experiments performed with the same amounts
of carbon (Fig. la) resulted in similar enzyme activities (in
terms of FPase, xylanase, and (3-glucosidase). Furthermore,
DAB, for which the lignin content was also low (Table 2),
provided lower enzyme activities than HB or DSB. The amount
of lignin did not, therefore, appear to be an important chemical
property of the carbon source in terms of enzyme production, in
contrast to the findings of previous work [16] that reported a
delay in enzyme production caused by the presence of lignin.
This apparently did not occur in the present case. Additionally,
it is possible that DAB was a less satisfactory carbon source
for P. echinulatum due to the presence of inhibitors released
during the pretreatment, such as furfural and weak acids [17].
It should be noted that the possibility of pH effects on enzyme
biosynthesis can be ignored since for all the carbon sources
the pH was corrected to 5.3 prior to sterilization of the culture
media (see “Materials and Methods” section), and variation of
pH during the course of the experiments was virtually identi-
cal for all the carbon sources.

On the other hand, it appeared that the observed enzyme
activities could have been influenced by differences in the ease
of access of fungal mycelia to the pretreated bagasse.
Pretreatment results in well-known changes in the chemical
composition and physical structure of the substrate, such as
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Fig. 4 Time course for bioreactor experiments with P. echinulatum
grown on delignified steam-explosion pretreated bagasse (DSB)
according to protocol D (filled triangles) and E (filled squares) for
FPase (a); protein concentration (b); xylanase (¢), and (3-glucosidase

redistribution of the hemicellulose and lignin fractions, increased
surface area, and formation of channels and pores, among other
effects [18]. The data indicated that pretreatment caused an
increase of the specific surface area (SSA), compared to the
untreated in natura bagasse. The measured SSA values were
(m%/g) 0.65+0.11 (INB), 0.78+0.10 (DAB), 0.80+0.15 (CE),
1.07+0.16 (HB), and 1.30+0.15 (DSB) (Table 2).

The in natura bagasse showed a very smooth and ordered
fibrous surface, while the delignified steam-exploded bagasse
(DSB) presented a dismantled and fractured structure with
various cracks and void spaces (Fig. 2a, b). This was probably
an important determining factor for the differences in fungal
growth observed for these substrates. SEM images of the in
natura bagasse and DSB after P. echinulatum cultivation using
these materials as carbon source revealed that the former was
poorly colonized by fungal mycelia (Fig. 2¢), while the DSB
substrate was totally occupied by mycelial biomass (Fig. 2d).

From the present results, it can be hypothesized that
aggressive pretreatment, such as steam explosion followed
by hot NaOH delignification, provides greater accessibility for
penetration of fungal mycelia into the substrate, promoting
better growth of P. echinulatum and increasing FPU yields.
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(d). Protocol D: batch with initial concentration of DSB of 10 g/L.
Protocol E: fed batch with initial concentration of DSB of 10 g/L
followed by four additions at 24, 48, 72, and 96 h up to DSB =46 g/L

This hypothesis is corroborated by the observed differences in
the specific surface areas and morphologies of the substrates.

Batch and fed-batch bioreactor experiments with increased
levels of delivered carbon sources (CE and DSB) were carried
out to evaluate the performance of P. echinulatum enzyme
biosynthesis in controlled submerged fermentation. There was
almost complete consumption of CE used according to pro-
tocols A, B, and C (Fig. 3¢), but an increase in the amount of
the carbon source delivered to the system was unable to guar-
antee an increase in enzyme yield. It should be pointed out that
in these experiments the level of dissolved O, always exceeded
30 % of saturation, so that there was little risk of oxygen
transfer limitation. It is possible that catabolite repression of
cellulase biosynthesis could have occurred, as proposed previ-
ously for 7. reesei [19]. Mitigation of this effect would require a
more sensitive carbon source input protocol. This phenomenon
probably did not occur when DSB was used as substrate since
in this case a correlation was observed between the amount of
carbon source added and the FPase yield.

Interestingly, in both CE and DSB experiments, the secret-
ed protein concentration in the supernatant was correlated
with the FPase activity of the fermented broth, indicating a
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Fig. 5 Time course for concentration of glucose (a), cellobiose (b) and
xylose (¢) during the enzymatic hydrolysis of steam explosion
pretreated bagasse (SB) (concentration of 10 % w/v; enzyme load of
10 FPU/g) using the cellulase enzyme cocktail produced by P.
echinulatum grown on DSB (filled diamonds); and using the cellulase
enzyme cocktail Accelerase 1500 (open squares)

high selectivity during biosynthesis of the cellulolytic enzyme
complex (Figs. 3a, b and 4a, b). The values obtained for the
bioreactor fermentations were lower than for the shaker flask
experiments, indicating that stress effects on the fungal
mycelia might have been occurred due to the Rushton impel-
ler used in the bioreactor, as found for 7. reesei [20].
Cellulase production by P echinulatum has been studied
previously using Celufloc as carbon source in submerged shak-
er flask cultivations. An FPase activity of 1.6 FPU/mL was
obtained after 168 h of fermentation using a 10 g/L mixture of

@ Springer

lactose and CE [5], and an activity of around 3 FPU/mL was
achieved for a CE culture medium supplemented with glucose
and methylxanthine [8]. In another work, a maximum FPase
yield of 3040 FPU/g of solid phase and (3-glucosidase activity
of up to 60 IU/g of solid phase were obtained using solid-state
fermentation and a culture medium composed of a mixture of
acid-pretreated bagasse and wheat flour [21].

However, considering a bioreactor solid phase density of
about 0.1-0.2 g/mL of reactor volume, the FPase titer would
diminish to 3-6 FPU/mL, which is almost the same as that
achieved using the fed-batch protocol E employing DSB (~4
FPU/mL). In terms of enzyme titer and FPase productivity, the
present results are the highest yet reported for submerged culti-
vation of P. echinulatum. Nonetheless, there have been previous
reports of the use of low-cost pretreated biomass as carbon source
for the production of glycohydrolase using filamentous fungi
other than P echinulatum. Bigelow and Wyman [16] reported
cellulase production of 1.2 FPU/mL by 7. reesei RUT-C30
grown on bagasse pretreated with hot water. Kovacs et al. [22]
described the production of cellulase by a mutant strain of
Trichoderma atroviride, using willow pretreated using steam
(205 °C for 3 min with 3 % SO,) as the carbon source in
submerged fermentation, and achieved values of up to
0.7 FPU/mL for FPase and 8.0 IU/mL for 3-glucosidase after
76 h of cultivation. Ahmed et al. [23] cultivated Trichoderma
harzianum E-58 using pretreated poplar and obtained a (3-
glucosidase activity of 0.63 TU/mL. More recently, Castro et al.
[24] reported activities of 0.097 FPU/mL (FPase) and 0.75 TU/mL
(B-glucosidase) after 166 h of cultivation of 7. harzianum 10C-
4038, using sugarcane bagasse that had been pretreated with acid
followed by delignification using NaOH. Delabona et al. [25]
reported 1.3 FPU/mL at 76 h in submerged bioreactor cultivation
with a wild strain of T harzianum grown in a culture medium
consisting of DSB and sucrose in a ratio of 3:1 (w/w). Compared
to the values reported in the literature, the present results obtained
for P. echinulatum grown on a low-cost carbon source are
therefore superior in terms of enzyme titer and productivity.

The performance of the cellulase complex produced by P.
echinulatum grown on DSB was compared with that of the
commercial Accelerase 1500 enzyme complex in experiments
involving the hydrolysis of bagasse that had been subjected to
conventional steam pretreatment (at 200 °C for 7 min). The P,
echinulatum enzyme complex performed best in terms of
maximum glucose concentration. On the other hand, accumu-
lation of the hydrolysis intermediate, cellobiose, was always
lower for the commercial enzyme complex (Fig. 5b), while
similar low levels of xylose production were obtained for the
two different enzyme complexes (Fig. 5¢).

Primary plant cell walls are composed mainly of cellu-
lose microfibrils embedded in a matrix of complex poly-
saccharides (pectins and hemicelluloses) [26]. Cellulase,
hemicellulase, and pectinase enzymes are responsible for
the depolymerization of these structures [27]. Cell wall
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depolymerase enzymes are rarely, if ever, completely specific,
and some structurally related xylanases and cellulases show
reciprocal activities [27]. The enzymatic hydrolysis of ligno-
cellulosic material can be considerably enhanced by supple-
mentation of cellulase enzyme complexes with xylanases
[28]. This is attributed to partial removal of the hemicellulose
coating of the cell wall and consequent increased access of
cellulase enzymes to the cellulose fibers, resulting in greater
glucose release. It has also been found that xyloligomers
derived from xylan hydrolysis play an important role in cel-
lulase inhibition, and that xylanase activity could alleviate this
inhibition by promoting the hydrolysis of xyloligomers to
xylose, which is thought to be less inhibitory [29].

The enzymatic activity of the cellulolytic complex used
in the hydrolysis experiments is described in Table 3. The
xylanase/FPase activity ratio for the P. echinulatum cocktail
produced using DSB was 24.9 TU/FPU, while for
Accelerase 1500 the ratio was about 20 times lower, at
2.2 TU/FPU. The specific xylanase activity of Accelerase
1500 was also very low (2.5 IU/mg protein) compared to the
P, echinulatum cocktail produced with DSB (60 IU/mg pro-
tein). The hydrolysis performed with the P. echinulatum
complex was much more efficient than achieved with
Accelerase 1500, with the former delivering three times
more glucose (Fig. 5a). The steam explosion pretreatment
used in the present work was very aggressive and substan-
tially reduced the hemicellulose content of the sugarcane
bagasse from 25 % to 5 % by weight (Table 2). However,
even at this low hemicellulose biomass content, the relative
xylanase load influenced the effectiveness of the hydrolysis.
It is therefore possible that the poorer hydrolysis achieved
using Accelerase 1500 was due to its low net xylanase
activity, compared to the P. echinulatum cellulase complex
that had a much higher xylanase/FPase ratio. However,
these hypotheses will require further investigation. Greater
accumulation of cellobiose in the hydrolysis performed with
the P. echinulatum enzymatic complex (Fig. 5b) could have
been due to an imbalance between the activities of
cellobiohydrolase and {3-glucosidase. Supplementation of
the P echinulatum complex with (-glucosidase would
probably benefit the hydrolysis.

Conclusions

Pretreated sugarcane bagasse provided a satisfactory carbon
source for the production of FPase, [3-glucosidase, and
xylanase using P. echinulatum, with yields that were supe-
rior to those reported in the literature for other filamentous
fungi. Enzyme activities did not seem to be related to the
composition of the pretreated bagasse, but rather to access
of the mycelium to the carbon source, since there was a
correlation between enzyme activity and the specific surface

area of the substrate. Submerged batch and fed-batch biore-
actor fermentation experiments demonstrated the potential
of P echinulatum for use as a cellulolytic enzyme producer.
The enzyme complex produced by P. echinulatum grown on
steam-pretreated delignified bagasse was evaluated in hy-
drolysis experiments that also employed steam-pretreated
bagasse. The better performance of the P. echinulatum com-
plex, compared to a commercial cellulolytic enzyme cock-
tail, was probably due to the balance obtained between the
FPase, xylanase, and [3-glucosidase activities. The present
results demonstrated that P. echinulatum is a promising
organism for use in submerged bioreactor cultivation for
on-site cellulolytic enzyme production in a sugarcane
biorefinery, using pretreated bagasse as carbon source.
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