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Abstract: This study aimed at evaluating different enzyme combinations in the saccharification of
sugarcane bagasse (SCB), soybean husks (SBH) and oil palm empty fruit bunches (EFB) submitted
to mild acid and alkaline pretreatments. Enzyme pools were represented by B1 host (crude
cellulase/xylanase complexes of Penicillium verruculosum); B1-XylA (Penicillium canescens xylanase
A expressed in P. verruculosum B1 host strain); and F10 (Aspergillus niger β-glucosidase expressed
in B1 host strain). Enzyme loading was 10 mg protein/g dry substrate and 40 U/g of β-glucosidase
(F10) activity. SCB was efficiently hydrolyzed by B1 host after alkaline pretreatment, yielding glucose
and reducing sugars at 71 g/L or 65 g/100 g of dry pretreated substrate and 91 g/L or 83 g/100 g,
respectively. B1 host performed better also for EFB, regardless of the pretreatment method, but yields
were lower (glucose 27–30 g/L, 25–27 g/100 g; reducing sugars 37–42 g/L, 34–38 g/100 g). SBH was
efficiently saccharified by the combination of B1 host and B1-XylA, yielding similar concentrations of
reducing sugars for both pretreatments (92–96 g/L, 84–87 g/100 g); glucose recovery, however, was
higher with alkaline pretreatment (81 g/L, 74 g/100 g). Glucose and reducing sugar yields from initial
substrate mass were 42% and 54% for SCB, 36% and 42–47% for SBH and 16–18% and 21–26% for
EFB, respectively.

Keywords: sugarcane bagasse; soybean husks; palm empty fruit bunches; recombinant enzymes;
pretreatment

1. Introduction

Agro-industrial residues are important sources of lignocellulosic biomass, the main feedstock to
be used as a substitute for petrol in a circular bioeconomy. These organic materials are generated in
large volumes as a result of agricultural and agro-industrial activities and are in great part subtilized,
especially in developing countries that are the main suppliers of commodities. According to Magalhães
Jr. et al. [1], around 900 million tons of biomass from agro-industrial residues such as sugarcane
bagasse, cereal straws and oil palm solid wastes will be generated in South America in 2025, and their
most probable destination, if not left in the field, is burning for energy generation and composting,
the most traditional processing methods. However, considering that more than 60% of their mass can
be converted to fermentable sugars, these residues could be valorized through microbial processes
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to produce second generation (2G) ethanol and other biofuels, organic acids, biomaterials and many
other commercial bioproducts.

Nowadays, 2G ethanol is the product with the most mature stage of technological development
obtained in lignocellulose biorefineries. However, the cost of 2G ethanol is still not competitive with
that of petroleum-based liquid fuels [2], in part because of the cost of enzymes that are necessary to
convert fibrous carbohydrates into fermentable sugars. Another step that impacts the overall cost
and lacks technological maturity is the pretreatment, necessary to prepare the recalcitrant structure
of lignocellulosic biomass to enzymatic hydrolysis or saccharification. In general, the aim of the
pretreatment is to enhance the recovery of glucose and other reducing sugars from lignocellulosic
biomass in the saccharification step, and this is usually accomplished through the decrease of the
crystallinity of cellulose, degree of polymerization, lignin content and moisture content, associated to
an increase of available surface area [3].

Several methods have been reported to pretreat lignocellulosic biomass, most of them
thermochemical processes. These include steam explosion with or without alkali washing, dilute
acid hydrolysis, alkaline pretreatment, organosolv, ammonia fiber expansion, liquid hot water, wet
oxidation and others [3]. Alkaline pretreatment is especially efficient in solubilizing lignin, while mild
acid pretreatment is more directed to the hemicellulose fraction.

In 2018, the global sugarcane production was of 1.9 billion tons, and Brazil was the main producer
accounting for 39% of the total production, followed by India with 20% [4]. In the harvest of 2018/2019,
India has surpassed Brazil producing more than 700 million tons, but for 2019/2020 the projections are
very similar for both countries [5]. The Brazilian production estimative for the harvest of 2019/2020 is
of around 643 million tons [6]. Sugarcane bagasse is a porous residue of cane stalks generated after the
crushing and extraction of sugarcane juice. It is composed mainly by cellulose (32–44%), hemicellulose
(27–32%), lignin (19–24%) and ashes (4.5–9%). Sugar mills generate approximately 270–280 kg of
bagasse (with 50% moisture) per metric ton of sugarcane [7,8].

Soybean is one of the most important sources of vegetable protein for human and animal nutrition
and one of the most economical sources of oil for food and biofuel production. According to the
United States Department of Agriculture [9], the world production of soybean for 2019/2020 is estimated
at 338 million metric tons. The world’s leading producer is Brazil and the second is the United States,
responsible for 37% and 27% of the global production, respectively. From one ton of soybean with
around 13% moisture, 50 kg of soybean husks are obtained [10]. The composition of soybean husks
depends on the dehulling process, so they may contain varying amounts of cellulose (29–51%),
hemicelluloses (10–25%), lignin (1–4%), pectins (4–8%), proteins (11–15%) and minor extractives [11].

The global production of oil palm is estimated at 73 million metric tons for the period of 2019/2020,
Indonesia and Malaysia being the leading producers with 58% and 26% of the total, respectively [9].
The milling of oil palm to extract the oil generates a solid fibrous residue, named oil palm empty
fruit bunches (EFB). It is estimated that for each ton of fresh fruit bunches processed, 220 kg of EFB
are generated. This residue is composed of around 30, 25 and 25% (mass percentages) of cellulose,
hemicellulose and lignin, respectively [12].

The present work aimed at evaluating the effect of different enzyme preparations and combinations
in the saccharification of these three important agro-industrial residues, the sugarcane bagasse, soybean
husks and oil palm empty fruit bunches, pretreated by mild acid and alkali. The enzyme pools were
represented by cellulase and xylanase complexes of Penicillium verruculosum (B1 host preparation),
by the B1-XylA preparation obtained through the recombinant expression of Penicillium canescens
xylanase A in the P. verruculosum B1 host strain, and by the F10 preparation obtained by recombinant
expression of Aspergillus niger β-glucosidase in the B1 host strain. All preparations were crude,
which could significantly reduce the cost associated to the enzymatic saccharification step.
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2. Materials and Methods

2.1. Substrates

Sugarcane bagasse (SCB) was donated by the Usina Santa Terezinha (Maringá, Paraná, Brazil),
soybean husks (SBH) were purchased from the company Imcopa (Araucária, Paraná, Brazil) and oil
palm empty fruit bunches (EFB) were provided by the company Biopalma Vale S.A. (Mojú, Pará, Brazil).
Substrates were dried at 70 ◦C overnight, grinded in a knife mill and particle sizes <3 mm were selected
by sieving. SCB and EFB presented a small fibers aspect and SBH presented a powder aspect. Table 1
presents the composition of each substrate.

Table 1. Substrates’ composition (% in dry basis).

Substrate SCB SBH EFB

Cellulose 36 37 28
Hemicellulose 31 27 24

Lignin 23 8.7 20
Lipids 2.3 1.9 6.3

Proteins 2.2 14 3.4
Ash 2.7 4.2 3.2

Extractives/others 2.2 6.8 15

SCB—sugarcane bagasse; SBH—soybean husks; EFB—empty fruit bunches of oil palm. Analytical methods were:
NREL TP-510-42618 (cellulose, hemicellulose, lignin, others—pectin and acetyl); gravimetric analysis after solvent
extraction in Soxhlet using hexane (lipids); Kjeldahl (proteins); gravimetric analysis after calcination at 555 ◦C for
6 h (ash); NREL TP-510-42619 (extractives); “others” are mostly represented by pectin in SBH and acetyl in EFB.

2.2. Enzyme Preparations

Three different enzyme preparations (Table 2) were used in this study in different combinations.
Dry B1 host preparation represents a complex of cellulases and xylanases obtained by highly productive
recombinant P. verruculosum strain after UV-mutagenesis [13,14]; dry B1-XylA preparation was obtained
by recombinant P. verruculosum strain after heterologous expression of P. canescens xylanase A [15];
and dry F10 preparation was obtained by recombinant P. verruculosum strain after heterologous
expression of Aspergillus niger β-glucosidase (cellobiase) [16].

Table 2. Enzyme preparations.

Name Protein, mg/g CMC, U/g β-Glucan, U/g Xylan, U/g pNPG, U/g

B1 host 970 16,542 15,062 17,532 1074
B1-XylA 441 2240 2240 60,000 610

F10 655 7007 6797 3800 39,852

Activities of enzyme preparations (Table 2) toward carboxymethylcellulose (CMC), barleyβ-glucan
and birch wood xylan were determined by detection of reducing sugars release using Somogyi-Nelson
assay [17–19]. Enzyme activities were assayed for 10 min at pH 5 (0.05 M Na-acetate buffer) and 50 ◦C
using a substrate concentration of 0.5% in the reaction mixture [20]. CMCase, β-glucanase and xylanase
activities were expressed in international units. One unit of activity corresponds to the quantity of
enzyme releasing 1 µmol of reducing sugars (in glucose equivalents) per minute.

Enzyme activity toward p-nitrophenyl glucopyranoside (pNPG) was determined by detection
of p-nitrophenyl release by a photometric assay. Enzyme activity was assayed for 10 min at pH 5
(0.05 M Na-acetate buffer) and 40 ◦C using a substrate concentration of 10 mM in the reaction mixture.
One β-glucosidase unit of activity is the amount of enzyme which liberates 1 µmol of p-nitrophenol
per minute [21].
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2.3. Pretreatment Conditions

Alkaline pretreatment was conducted with a substrate concentration of 10% (m/v) of solids, NaOH
2% (m/v), at 121 ◦C for 1 h. After, the pH of the reaction medium was adjusted to 4.5 with HCl,
the solids were separated from the liquid phase in a glass filter and washed abundantly with distilled
water. The excess water was removed, and a sample was taken to determine the moisture content of
the pretreated substrates by gravimetric analysis.

Acid pretreatment was conducted with a substrate concentration of 10% (m/v) of solids, H2SO4

1% (m/v), at 121 ◦C for 1 h. Afterward, the pH of the reaction medium was adjusted to 4.5 with NaOH,
and the solids were separated from the liquid phase in a glass filter and washed abundantly with
distilled water. The excess water was removed, and a sample was taken to determine the moisture
content of the pretreated substrates by gravimetric analysis.

2.4. Saccharification Conditions

Three different combinations of enzyme preparations were tested, as presented in Table 3. Substrate
concentration (in dry basis) was set at 100 g/L, in sodium acetate buffer (1 M, pH 4.5), and the reaction
volume was 20 mL. The enzyme dosage for B1 host, B1-XylA and B1 host + B1-XylA was 10 mg
protein/g dry substrate. In all cases, F10 β-glucosidase preparation was added to the reaction mixture
in the dosage 40 U of pNPG /g of dry substrate. Hydrolysis flasks were incubated at 45 ◦C, 250 rpm and
samples were taken after 3 h, 24 h and 48 h. Experiments were conducted in duplicates, with repetition.

Table 3. Enzyme combinations.

Condition Enzyme Combinations

B1 host B1 host 10 mg/g substrate + F10 40 U/g substrate
B1-XylA B1-XylA 10 mg/g substrate + F10 40 U/g substrate

B1 host + B1-XylA B1 host 8 mg/g substrate + B1-XylA 2 mg/g substrate + F10 40 U/g substrate

2.5. Analytical Procedures

2.5.1. Glucose Concentration

Glucose concentration was determined according to the glucose oxidase/peroxidase method [22].
One hundred microliters of solids-free, properly diluted samples were mixed with 1 mL of the glucose
oxidase/peroxidase reagent (R1 + R2 40:1 v/v, from Impact Ltd., Moscow, Russia) and incubated for
15 min at 40 ◦C. Absorbance was read at 490 nm in a UV-vis spectrophotometer (Agilent Technologies
Inc., Santa Clara, CA, USA).

2.5.2. Reducing Sugars Concentration

The concentration of total reducing sugars was determined according to the Somogyi Nelson
method [17–19], using glucose as a standard for calibration. Two hundred microliters of solids-free,
properly diluted samples were mixed with 200 µL of the Somogyi reagent and incubated for 40 min at
100 ◦C. After cooling to room temperature, 200 µL of the Nelson reagent were added and incubated for
15 min. Then, 400 µL of acetone and 1 mL of water were added, and the absorbance was measured at
610 nm in a UV-vis spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA).

2.5.3. High Performance Liquid Chromatography (HPLC) Analysis of Monosaccharides Composition

The composition of low molecular weight sugars (xylose and fructose) was determined via
ion-exchange chromatography on an Agilent 1100 Series HPLC system (Agilent, Santa Clara, CA, USA)
with a Diaspher-110-Amin column 5 µm 4 × 250 mm; the eluent was acetonitrile–water at 75:25
(v/v), the flow rate was 1 mL/min and the sample’s volume was 10–100 µL. To prepare samples
acetonitrile (0.8 mL) was added to 0.2 mL of hydrolysate, followed by centrifugation for 5 min at
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9000× g. Solutions of xylose and fructose (Megazyme, Victoria, Australia) at the concentration of 1 g/L
were used as standards.

3. Results

The mass of recovered solids after acid and alkaline pretreatments was determined for each
substrate. The concentration of monosaccharides and reducing sugars was also quantified in the liquid
fraction of the pretreatment processes, in order to determine the amount of sugars lost in this step.
Results are presented in Table 4.

Table 4. Recovery of solids and reducing sugars’ loss after acid and alkaline pretreatments.

Substrate-Pretreatment Solids Recovery in Dry Mass Basis (%) Sugar Loss in Dry Mass Basis (%)

SCB—Acid 63.6 24.1
SCB—Alkaline 65.2 N. d.

SBH—Acid 56.1 11.36
SBH—Alkaline 48.7 N. d.

EFB—Acid 63.4 18.14
EFB—Alkaline 67.4 N. d.

Note: N. d.—Not detectable; SCB—sugarcane bagasse; SBH—soybean husks; EFB—empty fruit bunches of oil palm.

No detectable amount of sugars was found in the liquid fractions of the alkaline pretreatments in
a 1:10 (v/v) dilution, and since the dark color of the liquid interfered in the absorbance reading, it was
not possible to test lower dilutions. The acid pretreatment resulted in glucose, xylose and reducing
sugars mass losses of 2.71%, 20.0% and 24.1% in SCB, 0.61%, 1.25% and 11.36% in SBH and 0.33%,
14.5% and 18.14% in EFB, respectively.

The concentrations of total reducing sugars and glucose released along enzymatic saccharification
of untreated, acid pretreated and alkaline pretreated substrates are presented in Figures 1–3, respectively.
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Figure 1. Glucose and reducing sugars released after 3 h, 24 h and 48 h of enzymatic saccharification of
unpretreated sugarcane bagasse (SCB), soybean hulls (SBH) and palm empty fruit bunches (EFB) using
different enzyme combinations (B1 host, B1-XylA and B1 host + B1-XylA).
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Figure 2. Glucose and reducing sugars released after 3 h, 24 h and 48 h of enzymatic saccharification
of sugarcane bagasse (SCB), soybean hulls (SBH) and palm empty fruit bunches (EFB) after acid
pretreatment using different enzyme combinations (B1 host, B1-XylA and B1 host + B1-XylA).
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Figure 3. Glucose and reducing sugars released after 3 h, 24 h and 48 h of enzymatic saccharification
of sugarcane bagasse (SCB), soybean hulls (SBH) and palm empty fruit bunches (EFB) after alkaline
pretreatment using different enzyme combinations (B1 host, B1-XylA and B1 host + B1-XylA).

Untreated samples of SCB released between 17 and 19 g/L of reducing sugars, between 11
and 13 g/L of glucose and nearly 2 g/L of xylose after 48 h; fructose was not detected. The ratio
between glucose and xylose was around 6, and there was not a significant difference between enzyme
preparations. Untreated SBH released, after 48 h, an average of 31 g/L of reducing sugars using B1
host + B1-XylA and around 29 g/L using B1 host, without significant difference between these enzyme
combinations. Glucose concentration, however, was higher with B1 host + B1-XylA (almost 19 g/L).
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Small amounts of xylose and fructose (3–4 g/L of xylose, 2–3 g/L of fructose) were determined with
little advantage of B1 host + B1-XylA. Untreated EFB released 10 g/L of reducing sugars and around
7.5 g/L of glucose after 48 h, using B1 host and B1 host + B1-XylA; when B1-XylA alone was used,
the glucose concentration after 48 h was 6 g/L. Xylose concentration was of about 3 g/L for all enzyme
combinations and no fructose was detected.

Mild acid pretreatment was especially efficient in SBH, allowing to obtain 92 g/L of reducing
sugars after 48 h when the enzyme combination B1 host + B1-XylA was used. No residual fibers were
observed. In 24 h, 67 g/L of reducing sugars were obtained. Glucose concentration after 48 h was
equivalent between B1 host and B1 host + B1-XylA (58 g/L). These results represent an improvement of
3× as compared to the untreated samples. Acid pretreated SCB released, after 48 h, around 40 g/L of
reducing sugars and 30 g/L of glucose when using B1 host or B1 host + B1-XylA. In 24 h, concentrations
of reducing sugars were in the order of 34 g/L; thus, no pronounced time-dependent increase was
observed. These results represent an improvement of around 2× and 3× for reducing sugars and
glucose, respectively, as compared to the untreated samples; however, all samples still contained
residual fibers after 48 h, indicating that the carbohydrates were not completely accessed. Acid
pretreated EFB showed better results for B1 host as compared to other enzyme combinations after 48 h
(37 g/L of reducing sugars and 27 g/L of glucose), an improvement of 3.7× as compared to untreated
samples. Similar to SCB, residual fibers were observed after 48 h of hydrolysis.

Alkaline pretreatment was the most effective for SCB, and the enzyme preparation B1 host was the
most efficient among all. Concentrations of 91 g/L reducing sugars and 71 g/L glucose were obtained after
48 h. After 24 h, concentrations were 75 g/L and 54 g/L, respectively. This represents an improvement of 5×
and 6× in relation to untreated samples and of around 2× in relation to acid pretreated samples. Alkaline
pretreated SBH released 96 g/L of reducing sugars and 81 g/L of glucose, after 48 h, when using the
enzyme preparation B1 host + B1-XylA. This preparation also provided the best results in acid-pretreated
samples of SBH. In 24 h, enzyme preparations B1 host and B1 host + B1-XylA released around 73 g/L of
reducing sugars and around 60 g/L of glucose. When comparing mild acid and alkaline pretreatments
for SBH, a slight increase was observed for reducing sugars, from 92 to 96 g/L, and an important increase
was observed for glucose, from 58 to 81 g/L. Alkaline pretreated EFB samples released 42 g/L of reducing
sugars and 30 g/L of glucose after 48 h, when using B1 host. These results are consistent with those
obtained for acid pretreated EFB, indicating a similar effect of both pretreatments and a better effect of
the enzyme preparation B1 host in this substrate. However, it is clear that the potential of the substrate
was not fully accessed yet. It is important to remark that, between 24 and 48 h of enzymatic hydrolysis,
alkaline pretreated sugarcane bagasse and soybean husks were completely liquefied, while empty fruit
bunches remained in great part as a solid fraction after 48 h of hydrolysis.

Table 5 presents the summary of the best saccharification results obtained for each substrate and
pretreatment, and the corresponding enzyme combinations.

Table 5. Summary of best results of enzymatic saccharification after 48 h.

Substrate-
Pretreatment Enzyme Combination

Glucose
Concentration

(g/L)

Reducing Sugars
Concentration

(g/L)

Glucose
Yield (g/100 g

Substrate)

Reducing Sugars
Yield (g/100 g

Substrate)

SCB—Untreated B1 host, B1-XylA or B1 host + B1-XylA 12 18 11 16
SCB—Acid B1 host or B1 host + B1-XylA 30 40 17 (27) 23 (36)

SCB—Alkaline B1 host 71 91 42 (65) 54 (83)
SBH—Untreated B1 host + B1-XylA 19 31 17 28

SBH—Acid B1 host + B1-XylA 58 92 30 (53) 47 (84)
SBH—Alkaline B1 host + B1-XylA 81 96 36 (74) 42 (87)

EFB—Untreated B1 host or B1 host + B1-XylA 7.5 10 6.8 9
EFB—Acid B1 host 27 37 16 (25) 21 (34)

EFB—Alkaline B1 host 30 42 18 (27) 26 (38)

Note: The yields of glucose and reducing sugars were calculated based on the total initial mass of dry substrates
(before pretreatment); values in parentheses represent the yields obtained from the mass recovered after pretreatment,
in dry basis; it was considered that, after enzymatic hydrolysis, one molecule of water is incorporated in each
monomer. SCB—sugarcane bagasse; SBH—soybean husks; EFB—empty fruit bunches of oil palm.
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4. Discussion

The association of efficient enzyme cocktails and effective pretreatment strategies has a very
important function in making the saccharification of lignocellulosic biomass feasible, especially of the
most recalcitrant biomass types. Sugarcane bagasse and palm empty fruit bunches are very fibrous
materials, while soybean husks are softer and easier to grind. SCB is porous and absorbs water in
approximately 10 times its mass, while palm EFB is harder and less porous. These characteristics were
reflected in the efficiency of pretreatments and saccharification.

SBH was easily hydrolyzed after both acid and alkaline pretreatments, and even the untreated
SBH samples released a considerable amount of reducing sugars (around 30 g/L). On the other hand,
EFB was the most recalcitrant substrate, with no difference between acid and alkaline pretreatments in
terms of reducing sugars yield. Sugarcane bagasse was the substrate that showed the most pronounced
effect of pretreatment type, being the alkaline pretreatment significantly more effective than the acid
one. This is probably related to the ability of alkali to solubilize lignin, which was successfully achieved
considering the porous nature of SCB.

Acid pretreatment is highly effective in disrupting the lignocellulosic matrix by the cleavage of
glycosidic bonds. This process mainly solubilizes the hemicellulosic portion of the biomass, and part
of the lignin [23]. Alkaline pretreatment removes lignin with high efficiency and cleaves glycosidic
and ester side chains, contributing to decrystallization, increased porosity and swelling of cellulose [2].
These modifications facilitate in great extent the access of enzymes to the carbohydrate molecules.
An approach to take advantage of both mechanisms is the sequential acid-alkaline pretreatment.
This strategy has been applied to corn stover and corn cobs resulting in reducing sugar yields higher
than 90% [23]. However, the need to perform two separate steps of thermochemical treatments
increases process costs and time, discouraging the application in an industrial scale.

In our experiments, sugar losses between 11 and 24% were detected after acid pretreatment,
as presented in Table 4. Alkaline pretreatment was more selective to lignin, as observed from the brown
color of the resulting liquid phase. Regardless of the pretreatment strategy, there were significant
mass losses for all substrates, which were in the order of 32–37% for SCB and EFB. SBH was the
substrate that presented the most pronounced mass loss as a result of pretreatment, either acid (43.9%)
or alkaline (51.3%). Considering the low lignin content of this substrate, we assumed that one of the
factors contributing to this mass loss was the small particle size of the grinded material. Although all
substrates were grinded and particle sizes <3 mm were selected, SCB and EFB presented a small-fibers
aspect after mechanical processing and selection, while SBH presented a powder aspect. Another point
to be considered is the relatively high concentration of proteins (14%, Table 1) that can be extracted by
the thermochemical pretreatments. Rojas et al. [24] reported a mass yield of 40% after acid pretreatment
of SBH with H2SO4 3% (v/v), 25% of solids, at 120 ◦C for 40 min, and this mass loss of 60% was
mainly attributed to the solubilization of protein, pectin and hemicellulose. The high solubilization
of biomass components and the possible loss of small particles during pretreatment in the present
work contributed to the relatively low yields of reducing sugars recovery from the initial mass of SBH
(42–47%, Table 5), despite the high efficiency of enzymatic hydrolysis.

The enzymatic saccharification of sugarcane bagasse has been widely studied in the last decade.
Today, sugarcane bagasse is the second most important agro-industrial residue used as a feedstock for
2G ethanol, after corn residues. Even so, the scientific literature still reports challenges to be overcome
in the conversion of substrates and sugar release, especially when considering industrial applications.
Prajapati et al. [2] applied a cocktail of cellulases and hemicellulases from A. tubingensis to hydrolyze
alkali treated sugarcane bagasse, with 6–8% (w/v) solids, for 96 h at 45 ◦C, applying an enzyme
preparation containing FPase activity (1.03 U/mL), β-glucosidase (0.6 U/mL), endo-β-glucanase
(6.8 U/mL), α-galactosidase (1.6 U/mL), β-xylosidase (0.17 U/mL), β-mannosidase (0.05 U/mL),
endo-β-mannanase (13.7 U/mL) and endo-β-xylanase (7.26 U/mL). The maximum concentration
of released sugars was around 20 g/L of a mixture of glucose, xylose and arabinose. Scarpa et al. [25]
reached a glucose concentration of 7.32 g/L from sugarcane bagasse submitted to hydrothermal alkaline
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pretreatment, at a solids load of 13.5% (w/v, dry basis) and an endoglucanase load of 288 U/g cellulose,
for 130 h and 57 ◦C. These are considered low concentrations for industrial fermentations, especially in
the segment of bioethanol production.

Martin et al. [26] evaluated the saccharification of sugarcane bagasse pretreated with a mixture of
glycerol and sulfuric acid (79.6% glycerol, 0.6 or 1.1% H2SO4) or with sulfuric acid alone (1.1% H2SO4),
at 188–194 ◦C, for 100–140 min. The authors also evaluated six enzyme preparations, three commercial
Trichoderma-based cocktails and three preparations developed at the Bach Institute of Biochemistry
(Russian Academy of Sciences), namely PV (host strain cellulase/xylanase cocktail—the same B1 host
preparation used in our experiments), PV-Xyl PCA (produced by a recombinant P. verruculosum strain
after heterologous expression of P. canescens xylanase A), and PV-Hist BGL (produced by a recombinant
P. verruculosum strain after heterologous expression of A. niger β-glucosidase). Both PV-Xyl and PV-Hist
BGL preparations also contained the cellulase complex of P. verruculosum. Better results of enzymatic
convertibility were obtained with glycerol-treated bagasse. After 48 h of hydrolysis, around 30 g/L of
reducing sugars, mostly represented by glucose, were obtained (using the PV enzyme loading of 10 mg
protein/g substrate and 50 g/L of substrate), corresponding to a cellulose conversion value of almost
80%. The preparation PV-Xyl is the same as the B1-XylA preparation used in our experiments. It has
already been tested for bagasse, aspen and pine wood and results were reported by Osipov et al. [15].
These results corroborate the suitability of the enzyme cocktails obtained from P. verruculosum to
hydrolyze sugarcane bagasse. Since these cocktails are crude preparations, the economic feasibility of
the process can be significantly enhanced as compared to the use of commercial purified preparations.

Hickert et al. [27] performed the saccharification of soybean husks using an enzyme preparation
obtained from Penicillium echinulatum. Pretreatment was performed by dilute acid hydrolysis (121 ◦C,
40 min, solid-liquid ratio of 1:10, 1% v/v sulphuric acid) and it was followed by enzymatic hydrolysis
using a solid-liquid proportion of 1:20 (dry matter in citrate phosphate buffer pH 4.8), P. echinulatum
S1M29 enzyme preparation (enzyme loading of 10, 15, or 20 FPU/g), at 120 rpm, 50 ◦C for 96 h.
The liquid fractions of acid pretreatment and enzymatic hydrolysis were mixed, yielding a solution
containing (g/L): glucose 38, xylose 21, arabinose 4, mannose 6 and cellobiose 7. The efficiency of
saccharification was 72%. Qing et al. [28] studied the saccharification of SBH submitted to acid
and alkaline pretreatments (1% v/v H2SO4 or NaOH, 120 ◦C, 1 h) using the commercial preparation
Accelerase 1500 (60 FPU/g), and results were different from those of the present work, since the alkaline
pretreatment promoted considerably higher enzymatic conversion than the acid one (80% versus
65%). There are no literature reports on the application of the enzyme preparations obtained from
P. verruculosum, used in the present work, to hydrolyze SBH or EFB.

The saccharification of oil palm EFB was evaluated by Medina et al. [12], comparing acid-alkaline
pretreatment, steam explosion and steam explosion with alkaline delignification. The enzymatic
digestibility of the pretreated substrate was evaluated with Celluclast® 1.5 L and Novozym 188 (mass
ratio of 1:0.3), loaded at 60 FPU per g EFB, with pH 4.8 (0.1 M sodium citrate buffer) and maintained at
55 ◦C, 130 rpm for 5 days. The mass-volume ratio of EFB was 2.5% (w/v). The best result of enzymatic
digestibility (72% after 5 days) was obtained with the sequential acid-alkaline pretreatment (1% H2SO4,
2.5% NaOH, 121 ◦C), while digestibility results obtained with steam explosion coupled with alkaline
delignification were lower than 50%, and with steam explosion alone, lower than 16%. These results,
together with the findings of the present research, indicate that the recalcitrant nature of EFB cannot
be overcome by traditional industrial pretreatment methods such as steam explosion and single-step
thermochemical pretreatments, and that both pretreatment and saccharification are bottlenecks to be
optimized for this substrate.

5. Conclusions

The effects of different enzyme combinations were demonstrated in the saccharification of
sugarcane bagasse, soybean husks and oil palm empty fruit bunches submitted to mild acid and
alkaline pretreatments. Sugarcane bagasse was efficiently saccharified after alkaline pretreatment,
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while soybean husks were efficiently saccharified regardless of the pretreatment method. Palm
empty fruit bunches also showed similar responses of enzymatic saccharification independently of the
pretreatment strategy; however, with much lower sugar yields. The best enzyme choice for sugarcane
bagasse was B1 host, representing a cellulase/xylanase complex of P. verruculosum; for soybean husks,
the combination of B1 host (80%) and B1-XylA (20%), this last one obtained through the recombinant
expression of P. canescens xylanase A in the P. verruculosum B1 host strain, gave the best results; for palm
empty fruit bunches, the B1 host preparation was the most efficient.
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