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ABSTRACT

Purpose

The hydrolytic action of Aspergillus niger and Trichoderma reesei commercial cellulases,
alone or combined with A. niger hemicellulase, against industrial pineapple waste as a
previous step to produce bioethanol was investigated.

Methods

Enzymatic hydrolysis experiments were conducted in static conditions in an incubation
oven, by adding the corresponding enzyme mixture to the pineapple waste (combinations
of 0, 0.1, 0.2 and 0.4 (w/w) of cellulase from A. niger or T. reesei and hemicellulase from
A. niger). pH and total soluble solids were examined along the treatments, and the sugar
profile in the final hydrolysates was evaluated by High-Performance Anion-Exchange
Chromatography.

Results

T. reesei cellulase exhibited a significantly faster initial hydrolysing rate than A. niger
cellulase (0.258+0.004 vs. 0.15+0.07, for the maximum enzyme concentrations assayed),
although differences regarding soluble sugars increments were not significant at the end
of the treatment (0.349+£0.009 vs. 0.34+0.05). Glucose, fructose, sucrose, arabinose,
xylose and cellobiose were identified in the hydrolysates. Increasing enzyme
concentration (cellulase or hemicellulase) produced an increase in total and fermentable
sugars released (17 and 11%, respectively, for the maximum enzymatic concentration
assayed); besides, a synergistic effect of combining hemicellulase and cellulase was
identified. Accumulation of cellobiose (up to 4.4 g/L), which may slow down hydrolysis,
evidenced the weaker B-glucosidase activity of T. reesei cellulase. Due to its performance
and the lower cost of the enzyme, A. niger cellulase was chosen as an alternative.

Conclusions



Commercial A. niger cellulase represents an efficient alternative to T. reesei cellulase for
the saccharification of industrial pineapple waste, especially when combined with a
hemicellulase. Total sugars present in the final hydrolysates indicated that A. niger
cellulase performed similarly at a lower cost, with no cellobiose accumulation. However,
if processing time is a limiting factor, Trichoderma reesei cellulase could be the one
preferred.

Keywords: pineapple waste, lignocellulosic biomass, enzymatic hydrolysis, cellulases,

bioethanol.



INTRODUCTION

At present, the search for renewable, sustainable and environmentally-friendly energy
sources is encouraged so as to face the need for energy supply and in response to climate
change [1]. In this context, bioethanol is recognized worldwide as an alternative to
petroleum-derived transport fuels [2]. However, competition for food resources has made
first generation bioethanol production a controversial issue, for which much of recent
research has been focused on second generation bioethanol. Among the raw materials
available to produce the so-called second generation of biofuels, those obtained from
agricultural, forestry or industrial wastes are characterized for being low-cost raw
materials that do not compete with food supplies or threaten biodiversity. The use of
residues or waste feedstocks for energy production continues to be an interesting issue
due to growing energy demand, depletion of fossil fuels, greenhouse emissions and
climate change concern, among other reasons. On the other hand, residual biomass needs
to be properly disposed in order to reduce its environmental impact, for which there is a
great interest in giving added value to these waste materials. The agro-food industry is
particularly characterized by generating significant amounts of organic residues. This is
the case of the pineapple industry since industrial pineapple waste (peel, core and crown)
generally accounts for at least 50% of the total pineapple weight [3], 20 to 40% in the
form of peel and core [4]. Disposal of this waste is of capital importance for the industry
due to its high biochemical and chemical oxygen demand [5]; therefore, valorisation of
these residues would contribute both to facilitate their disposal and to obtain a benefit
from an otherwise non-valuable material.

Residual biomass mostly consists of lignocellulose, which contains large quantities
of sugar polymers such as cellulose and hemicellulose [6]. According to Roda et al. [7],
pineapple peel waste is made of 35-50% cellulose, 20-35% hemicellulose, and 5-30%
lignin. Manisha et al. [8] have recently reported a content of 35% cellulose, 19%
hemicellulose, and 16% lignin on dry basis. Therefore, industrial pineapple waste is a
good candidate for biofuels or other metabolites production, since cellulose and
hemicellulose are polymers potentially hydrolysable to simple fermentable sugars.

Producing ethanol from lignocellulosic biomass requires the hydrolysis of part of the
cellulose and hemicellulose to fermentable sugars [9]. Among the hydrolysis treatments,
enzymatic hydrolysis has a lower utility cost than acid or alkaline hydrolysis, since the
hydrolysis is conducted at milder conditions [10]. Together with sulphuric acid,

cellulolytic enzymes are the major hydrolysers of cellulose and hemicelluloses, and
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present fewer disadvantages than the use of chemicals. Filamentous fungi segregate two
types of enzymatic complexes that can hydrolyse the lignocellulosic matrix: cellulases
that hydrolyse the crystalline cellulose into small oligosaccharides and then into glucose;
and hemicellulases, which hydrolyse the hemicellulose into monomeric sugars. Fungal
cellulase is made up of three major groups of cellulases: endoglucanases,
cellobiohydrolases or exoglucanases and [B-glucosidases [11]. Among the enzymes
produced by fungi, the enzymes derived from Trichoderma reesei represent the best
characterized and have been assayed for the enzymatic saccharification of lignocellulosic
materials [12]. T. reesei cellulase has been said to be the most productive and powerful
destroyer of crystalline cellulose; however, it has also demonstrated a relatively weak f3-
glucosidase activity for which the reaction from cellobiose to glucose has been shown to
be slow [13, 14]. Aspergillus niger cellulase has also been tested in some lignocellulosic
raw materials [14, 15, 16, 17]. Although not such hydrolytic power have been attributed
to it, it could represent an efficient alternative to T. reesei cellulase. In addition, enzyme
costs can be significantly reduced with the use of A. niger cellulase, since some of the
commercial options available are less expensive. On the other hand, the combined use of
a cellulase and hemicellulase could potentially increase the final amount of sugars
available for fermentation, since hemicellulase would partially cleave hemicellulose
bonds to yield monomeric sugars such as glucose or xylose.

Therefore, the aim of the present study was to analyse and compare the hydrolytic
action of both cellulases, Aspergillus niger and Trichoderma reesei, against industrial
pineapple waste as a previous step to produce bioethanol. Additionally, the synergistic
effect of combining them with A. niger hemicellulase is discussed. Finally, optimum

condition of A. niger cellulase hydrolysis were determined.

MATERIALS AND METHODS

Raw material and pre-treatment of pineapple waste

Pineapple fruits (Ananas comosus [L.] Merr., MD-2 cv.) were selected based on
external factors such as the absence of injuries, ripeness and weight. The crown was first
removed, and the pulp was separated from the rest of the fruit (peel and core) by using a
pineapple cutter. The waste material (crown, peel and core) was cut into smaller pieces
and then physically treated by grinding it in a blender in order to decrease particle size

and increase cellulose and hemicellulose accessibility. After grinding, pH was adjusted
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to 5 by adding Ca(OH).. The resulting product was then thermally treated in an autoclave
at 121 °C for 20 min.The grinded and sterilized material was finally frozen and kept at -

22 °C until the experiments were conducted.

Characterization of the pineapple waste liquid phase

Pineapple waste was characterized in terms of pH, total soluble solids (TSS) and
sugars present in the waste liquid phase. The pH was measured with a digital pH meter
(Mettler Toledo Inlab) and the TSS (° Brix) were measured by refractrometry (table-top
ABBE-Atago refractometer thermostated to 20 °C). The sugars present in the liquid phase
of the grounded waste were measured by High-Performance Anion-Exchange
Chromatography with Pulsed Amperometric Detector (HPAEC-PAD), using a Metrohm
IC chromatograph system equipped with a 716 Compact module and an ICnet 2.0
software program. A three-step PAD setting was used with the following path intervals
(ms) and potentials (V): t1: 400/E; = +0.05 (detection); t2: 200/E2 = +0.75 (cleaning); ts:
400/Es = -0.15 (regeneration). The column used was a Metrosep Carb 1 250/4.6 column
(250 mmL x 4.6 mmID) coupled to a guard column. Analyses were done at 32 °C, 8.8
MPa, injection volume: 20 pL and using sodium hydroxide 0.1 M as the mobile phase (1
mL/min). Liquid phase was previous filtered (0.45 um nylon filter) and diluted (1:2000
v/v in bidistilled water). Glucose, fructose and sucrose standards (Sigma-Aldrich, Co.;
purity > 99.5%) were used to prepare standard calibration curves (2.5, 5, 10, 15, 25 and

50 ppm). Determinations were carried out in triplicate.

Enzymatic hydrolysis experiments

Cellulase from Aspergillus niger (1.08 U/mg solid; Sigma-Aldrich, Co.) and
Trichoderma reesei ATTC 26921 (6 U/mg solid; Sigma-Aldrich, Co.) were combined
with Aspergillus niger hemicellulase (5 U/ mg solid; Sigma-Aldrich, Co.) at the following
concentrations: 0, 0.1, 0.2 and 0.4% (w/w). The corresponding enzyme mixture was
added to 50 g of thawed pineapple waste in a 100 mL beaker, and samples were placed
in an incubation oven at 40 °C, where enzymatic hydrolysis was performed in static
conditions for 24 h. Conditions of pH and temperature were fixed according to
information sheet of supplier, whereas duration was based on preliminary studies.
Experiments were conducted in triplicate.

The evolution of the TSS and pH values was registered at hourly intervals for the first

seven hours and at the end of the experiment (24 h). Sugars present in the final hydrolysate
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(24 h) were determined by HPAEC-PAD as stated previously. Arabinose, glucose,
xylose, fructose, sucrose and cellobiose standards (Sigma-Aldrich, Co; purity >99.5%)
were used in order to identify and quantify the sugars released. Standard curves were
prepared from dilutions of these standards (2.5, 5, 10, 15, 25 and 50 ppm). Determinations

were performed in duplicate.

Optimum conditions for A. niger cellulase performance against pineapple waste

After the enzymatic hydrolysis experiments, A. niger cellulase was selected for further
investigations, with the aim of determining the optimum conditions for A. niger. An
experimental design with two independent variables (pH and temperature) at three levels
(pH =4, 5 and 6; T = 40, 50 and 60 °C) was performed. Pineapple blended waste was
saccharified with 0.4% (w/w) of cellulase and 0.2% (w/w) of hemicellulase from A. niger
at the above mentioned pH and temperatures. Sugar profile was measured at the end of
the saccharification process (24 h).

The data were analyzed by multiple regressions to fit second-order polynomial
regression models for total sugars containing the coefficient of linear, quadratic and two

factor interaction effects (Equation 1).

Y = Bo + X Bixi + Tis Biixi? + i Bixixj + € (Eq. 1)

Where, Y is the response parameter (total sugar yield), o is the intercept value, gi (i =
1,2, ..., k) is the first order model coefficient, gij is the interaction effect and fii represents
the quadratic coefficient of xi. xi and x; are the independent variables that influence the

response parameter (pH and temperature) and e represents the random error.
Statistical analysis

Statgraphics Centurion XVI1 (Manugistics Inc.; Rockville, MD, USA) was used for
statistical analyses. One-way and multifactor analyses of variance (ANOVA, 95%
confidence level) were performed on the data obtained.

RESULTS AND DISCUSSION

Characterization of the raw material (industrial pineapple waste)



Glucose (27 + 2 g/L), fructose (22 £ 2 g/L), and sucrose (20 + 3 g/L), were the sugars
identified in the liquid phase of pineapple waste. The amount of total simple sugars
obtained (69 + 1 g/L) was similar to the reported by Abdullah and Mat [5], and lower than
the reported by Ban-Koffi and Han [16]. Differences were probably due to processing
and/or raw material characteristics. Total soluble solids, measured as Brix degrees, were
10.6 £ 0.2. Pineapple waste had an acid pH (3.63 £ 0.01) as a result of the different organic
acids present in the liquid phase [7].

Kinetics of the hydrolysis

Kinetics of saccharification were studied by measuring the increase in total soluble
solids present in the liquid phase (Azs) during the treatments. Results are given in figure
1. Each graph (A, B, C, D) corresponds to a different concentration of hemicellulase,
while different concentrations and origin of cellulase are plotted within a graph. As it is
deduced from the plots, the rate of enzymatic hydrolysis was faster during the first two
hours of saccharification, fell in the following hours and was negligible at 24 h of
enzymatic treatment, indicating the end of the process. Increasing enzyme concentration
(cellulase and hemicellulase) increased the hydrolysis rate as well as the final result of
hydrolysis.

As can be deduced from the plots, T. reesei cellulase implied a faster initial hydrolysis
rate, although significant differences between T. reesei and A. niger cellulases were not
as manifested at the end of the treatment. Variation in the soluble solids content of the
liquid phase followed a hyperbolic type pattern (figure 1). In order to determine the effect
of the different enzyme combinations and particularly the cellulase source in the initial
rate of hydrolysis, an adaptation of the empirical model proposed by Peleg [19] was used.
This model has been used to describe different processes that respond to this type of
curves and it has not been deduced from any law or physical principle [20]. Thus, the
evolution of the increment in total soluble solids in the liquid phase (Azss) along the
enzymatic process was fitted to equation 2, in which the inverse of the constant K
corresponds to the initial rate of the reaction (Ro), and the inverse of the constant K>
represents the asymptotic value of the curve (Azss assymptote). Data were fitted to the model
by non-linear regression using Statgraphics Centurion XV1. Results (Ro, Azss pred., R?) as

well as the experimental value at 24 h (Azss exp.24h) are shown in table 1.

t
K1 +Ky Xt

(2)

Az =



Where Ro = 1/K1 and Azss predicted = 1/K;

The determination coefficients (table 1) indicate a good agreement between
experimental (AzZss experimental) and predicted (Azss predicted) Values. The coefficients were
generally greater when cellulase from T. reesei was employed, for which it was deduced
that the model fitted better these data. Multifactor ANOVA indicated that T. reesei and
A. niger cellulases have a statistical significant effect on the initial rate of the hydrolysis
(p-value < 0.05). Ro values were higher when cellulase from T. reesei was used, indicating
a faster initial reaction rate of this enzyme, which is in line with the greater hydrolytic
power attributed to this enzyme in the literature [21]. However, differences between both
cellulase types were not maintained at the end of the experiments according to the
experimental values after 24 h of hydrolysis (Azss exp.24n). Therefore, the present results
suggest that both enzyme combinations may lead to a similar increase in the TSS content
after 24 h of hydrolisis, despite the lower initial saccharification rate of A. niger cellulase.

As for pH, it decreased as the enzymatic hydrolysis proceeded, this reduction being
faster in the first two hours of saccharification, concurrently to sugar release. The action
of both cellulases, A. niger and T. reesei, had a statistically significant effect on pH (p-
value < 0.00); nevertheless, lower pH values were obtained when A. niger cellulase was

used (Figure 2).

Sugar profile of the hydrolysates

Total soluble solids is an indirect measure of the amount of sugars present in the
hydrolysate; however, in order to obtain more accurate results, the specific sugars present
in the final hydrolysate (24 h) were identified and quantified by ion exchange
chromatography. Results of this analysis are summarized in table 2.

Lignocellulosic hydrolysates are characterized by presenting a variety of sugars.
Among them, six-carbon sugars (hexoses) such as glucose or fructose and five-carbon
sugars (pentoses) such as xylose and arabinose are usually present if both cellulose and
hemicellulose have been hydrolysed [13]. In this particular case, and apart from the sugars
identified in the pineapple waste (glucose, fructose and sucrose), arabinose, xylose and
cellobiose were present in the hydrolysates.

The yeast Sacharomyces cerevisiae, which is naturally able to ferment sucrose,
fructose and glucose, is one of the most effective and well-known ethanol producing

microorganisms. It is successfully employed at industrial scale, allowing for high ethanol



productivity, since it has high tolerance to ethanol and to inhibitors normally present in
lignocellulosic residues [13, 22, 23]. Since sucrose, fructose and glucose are naturally
fermented by S. cerevisiae and other ethanologenic microorganisms such as
Zymmomonas mobilis, they are frequently grouped under the concept of fermentable
sugars. Fermentable sugars significantly increased when increasing both enzymes
concentration (cellullase and hemicellulase) to the pineapple waste (Table 2). In
particular, T. reesei cellulase exhibited a higher hydrolytic power at lower enzyme
concentrations. In contrast, enzyme concentration effect was more significant for A. niger
cellulase so that increasing the enzyme concentration up to 0.4 resulted in a similar
fermentable sugars content in both hydrolysates (T. reesei or A. niger). In all cases, the
addition of hemicellulase had a positive impact in fermentable sugars release.

Addition of both cellulases, A. niger or T. reesei, had a statistically significant effect
on the release of glucose (p-value < 0.05), although glucose content in the hydrolysates
was significantly higher when A. niger cellulase was used for saccharification. This is
evidenced in figure 3, were main differences between A. niger and T. reesei performance
have been plotted. During cellulose hydrolysis glucose is released due to a synergistic
action of three fungal cellulases [12, 13]: 1) the endoglucanases, which act by randomly
hydrolysing the internal glycosidic linkages of the cellulose chain; 2) the
cellobiohydrolases, also known as exoglucanases, which act on the ends of the chains,
releasing glucose monomers, cellobiose and oligosaccharides with a low molecular
weight; and 3) the B-glucosidases, which convert cellobiose into glucose [6]. In addition,
enzymatic hydrolysis of hemicellulose also releases glucose, among other sugars.

Apart from the hydrolysis phenomenon, a decrease in sucrose concentration together
with an increase in fructose and glucose contents was also observed, which suggested the
inversion of this dimmer. As shown in figure 3, sucrose decrease was more evident for A.
niger cellulase as compared to T. reesei cellulase, this contributing to a more significant
increase in the glucose content. Since the enzymes used in the present work are not
expected to promote sucrose inversion, it is postulated that acid pH was responsible for
this inversion [5, 18]. This is reinforced by the fact that lower pH values were registered
when A. niger cellulase was used (Figure 2).

T. reesei cellulase has been claimed to be the most productive and powerful destroyers
of crystalline cellulose [13]. However, T. reesei cellulases present a relatively weak [-
glucosidase activity and the reaction from cellobiose to glucose has been shown to be

slow [10, 24, 25]. In addition, cellobiose has a strong inhibition towards endo and
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exoglucanases so that the accumulation of this dimmer significantly slows down the
hydrolysis process, leading to a non-desirable result. In fact, supplementation of -
glucosidase is sometimes recommended due to its insufficient amount in T. reesei, in
order to avoid cellulases inhibition due to cellobiose accumulation [13]. Therefore,
cellobiose accumulation is an important phenomenon to evaluate. The enzymes assayed
in the present work had a statistically significant effect on cellobiose yield (p-value<0.05).
It was observed that if low cellulose concentrations were used, (0.1% for both cellulases),
cellobiose started to accumulate in the hydrolysates (figure 3). Then, including
hemicellulase in the mixture or increasing the amount of cellulase added to the medium
promoted cellobiose depletion. The latter phenomenon was more noticeable in the case
of A. niger cellulase, cellobiose completely dissapearing at the higher cellulase
concentration assayed. In line with the literature, the amount of 3-glucosidase in T. reesei
cellulase was lower than the needed for the efficient hydrolysis of cellobiose into glucose,
as compared to A. niger cellulase. The fact that T. reesei cellulase tends to accumulate
more cellobiose could be responsible for a slowdown of the hydrolytic process, due to
inhibition of endo and exoglucanases, despite the faster initial hydrolysis rate of this
cellulase.

As said, xylose and arabinose are pentoses that may appear in the hydrolysates as a
result of hemicellulose hydrolysis. Although pentoses are not fermentable by S.
cerevisiae, some yeast have been reported to be efficient in xylose conversion into
ethanol, such as Pichia stipitis, Candida shehatae, Candida parapsilosis and Pachysolen
tannophilus [13, 26]. In addition, several genetic engineered strains of S. cerevisiae
capable of metabolizing pentoses have already been developed [22, 27]. Among bacteria,
Klebsiella oxytoca is able to grow either on hexoses or pentoses, as well as on cellobiose
and cellotriose [28]. Likewise, Escherichia coli is naturally able to use a variety of sugars,
for which work has been focused on selectively produce ethanol and increase ethanol
tolerance [29]. As for Zymomonas mobilis, it is naturally able to ferment glucose, fructose
and sucrose, producing ethanol at high yields. It has also been engineered to successfully
co-ferment xylose and arabinose [29, 30, 31].

As compared to fermentable sugars, xylose and arabinose were present at significant
lower concentrations in the hydrolysates. On the other hand, although it is hemicellulase
that hydrolyses hemicellulose into monomeric sugars, results indicated that the addition
of cellulases from A. niger or T. reesei (p-value < 0.05) had a statistically significant

effect on pentose release. Moreover, when cellulase was not added to the ground material
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neither arabinose nor xylose were detected, suggesting that cellulose hydrolysis promoted
hemicellulase action. This was also confirmed the other way around, since hemicelluloses
hydrolysis also enhanced cellulose accessibility. This synergistic effect of both enzymes,
was probably a consequence of the increased accessibility of the structure thanks to the
combined action of both enzymes. Some differences in the amount of xylose and
arabinose released to the medium were also found depending on cellulase origin. On the
other hand, xylose beings the main constituent of the xylan linear chain, more xylose than
arabinose was obtained in all cases.

As for total sugars, which included the six sugars identified, both cellulases and
hemicellulase had a significant positive effect on total sugars release (p-value < 0.05).
Again, substantial differences between both cellulases are found at low enzyme
concentrations, whereas increasing the amount of cellulase up to 0.4 (w/w) and combining

it with hemicellulase, led to not significant differences.

Optimum conditions for A. niger cellulase performance against pineapple waste
According to the present results, no significant differences are obtained after 24 h of
hydrolysis when A. niger or T. reesei cellulases are used, mainly if combined with
hemicellulase. In addition, cellobiose accumulation was more evident when using T.
reesei cellulase. This, together with the fact that the commercial T. reesei cellulase used
in the experiments was significantly more expensive than the A. niger cellulase assayed,
A. niger cellulase was chosen as the best option to perform the enzymatic hydrolysis step
of pineapple waste for bioethanol production. Therefore, the optimum conditions (pH and
T) for its performance were assayed as explained in the materials and methods section.
Individual sugars were identified and quantified at the different conditions assayed in
order to obtain the total sugars values. Total sugars released to the medium were fitted to
equation 1 which yielded the following equation (eq. 3). Statistical analysis of the fitting
(table 3) indicated that both factors (T and pH), as well as their interactions were
significant (p-value < 0.05). The determination coefficient indicates that the model
obtained explains 83.6% of the variability in total sugars yield. All coefficients had a
positive effect on total sugar release (figure 4). Enzyme action was significantly more
affected by pH than temperature, since pH x pH and pH were the most important effects,
followed by pH, Temperature, Temperature X pH and Temperature X Temperature. In
order to estimate the optimum conditions for the pineapple waste saccharification by A.

niger cellulase, three dimensional response surface curves (Figure 4) were used. Results
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indicated that enzyme performance is enhanced at the 4-5 pH interval, as compared to pH
5-6, where a significant reduction in total sugar’s release is observed. Increasing
temperature up to 50 °C also yielded better results. According to the surface curves
analysis, 50 °C and pH = 4.9 were the optimum condition for A. niger cellulase, which is

in the range of most fungal cellulases [32, 33, 34].

Total sugars release (g/L) = —168.351 — 5.42571 - Temperature (°C) + 139.256 - pH +
0.0371494 - Temperature (°C)? + 0.656445 - Temperature (°C) - pH — 17.5523 - pH? (Eg. 3)

CONCLUSIONS

Pineapple processing generate significant amounts of residues that need to be properly
disposed in order to meet environmental requirements. The use of this waste material for
the production of bioethanol is a good opportunity to give added value to this residue of
the pineapple industry, in the context of the second generation of biofuels. In order to
obtain fermentable sugars from this residual biomass, two different commercial cellulases
(Trichoderma reesei and Aspergillus niger) have been assayed, either alone or combined
with hemicellulase from A. niger. The increase in the total soluble solids present in the
hydrolysate indicate that, in spite of exhibiting a significant slower initial hydrolytic rate
than Trichoderma reesei cellulase, Aspergillus niger cellulase may lead to a similar
amount of soluble solids present in the final hydrolysate. This trend has been also
confirmed when analysing the specific sugars released to the medium, especially when
combined with the enzyme hemicellulase. The fact that T. reesei cellulase tend to
accumulate more cellobiose, could be responsible for a slowdown of the hydrolytic
process, despite the faster initial rate. On the other hand, a synergistic effect of combining
both cellulase and hemicellulase enzymes has been proven, since the addition of one
enzyme conditioned the action of the other one.
In conclusion, this study shows that commercial A. niger cellulase represents an efficient
alternative to T. reesei cellulase for the saccharification of industrial pineapple waste,
especially when combined with a hemicellulase. Total sugars present in the final
hydrolysates indicated that A. niger cellulase performed similarly at a lower cost, with no
cellobiose accumulation. However, if processing time is a limiting factor, Trichoderma

reesei cellulase could be the one preferred.
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