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Abstract: The sustainable use of residual lignocellulosic biomass is an opportunity to help to overcome
the global need to reduce the emission of pollutants as well as depletion of fossil fuel resources and
increasing energy demands. This study aimed to establish a deconstruction process of oil palm empty
fruit bunches (EFBs), employing hydrothermal and biological pretreatments. Initially, the yields of cellulose,
hemicellulose, lignin, extractives and ashes resulting from the autohydrolysis of raw EFBs were measured.
The biological pretreatment of the raw EFBs followed using eight basidiomycetes strains. Finally, an
enzymatic hydrolysis comparison between basidiomycetes and commercial enzymes evaluated glucose
and xylose yields, the synergism degree and the reduction of phenolic substances. Autohydrolysis
pretreatment presented the best sugar yields after hydrolysis. However, biological pretreatment provides
enzymes and other advantages. The combination of enzymatic extracts of basidiomycetes with Celluclast
and Novozyme-188 Sigma® gave the best glucose yield with Flavodon flavus BRM-055676 (14.78%)).
Synergism degree analyses showed an increase of 47% in glucose release by the cocktail of Fomes
fasciatus BRM-055675 with commercial enzymes. The deconstruction of EFBs by biological pretreatment
presented a 2.96 ratio loss of lignin/loss of cellulose with F. flavus BRM-055676. Finally, combinations of
enzymatic extracts from basidiomycetes and ascomycetes, mainly F. fasciatus BRM-055675, provided the
reduction of phenolic substances. © 2021 Society of Chemical Industry and John Wiley & Sons, Ltd
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Introduction

cellulose and hemicellulose polysaccharides and
into fermentable or added-value chemical sugars
in biorefineries. Lignin present in this material confers

| ignocellulosic biomass can be converted to

high recalcitrance, hindering enzymatic hydrolysis.

The palm oil industry would fit the biorefinery model
because it generates millions of tons of lignocellulosic
waste annually in the form of empty fruit bunches (EFBs),
improper disposal of which could result in environmental
damage.? According to Amelia et al., the oil palm sector
generates about 25 million tons of EFBs each year, and the
combustion processing of this residue to generate electricity
releases carbon dioxide and nitrogen into the environment.
These waste gases are harmful to the environment and can
cause severe air pollution.

The use of physical, thermal, chemical and biological
pretreatment methods, alone or combined, is indispensable to
break the lignocellulosic structures and facilitate subsequent
enzymatic hydrolysis. The goal is to deconstruct the cell
wall and rupture polysaccharide chains, which is necessary
to enhance the accessibility of enzymes during enzymatic
hydrolysis to fermentable sugar (glucose and xylose).*” All
of the methods have advantages and disadvantages; however,
chemical and physical ones that employ high temperatures
end up leading to pollutants and the formation of inhibitors
for hydrolysis and fermentation.®

The use of biological pretreatments, mainly using macro-
basidiomycetes, has been presented as a promising alternative
since these fungi are enzyme producers capable of modifying
lignin,” bio-detoxifying biomass minimizing the effect
of inhibitors from pretreatment and improving biomass
biodegradability.® The use of biological pretreatments requires
organisms to improve the biomass digestibility and act
selectively on lignin, preserving the maximum cellulose and
hemicellulose polysaccharides.’

Macro-basidiomycetes present an enzyme apparatus that is
rich in lignocellulolytic enzymes, making them the significant
decomposition agents of plant cell walls in nature.” However,
the long time needed for colonization of these fungi remains
a disadvantage of this process. The combination of fungal
and chemical or physical pretreatments could maximize
glucose yield and reduce possible inhibitors. The selectivity
of some basidiomycetes in lignin degradation stands as one
of the advantages of these processes.””!® Some studies have
suggested mixing crude enzymatic extracts of basidiomycetes
into cocktails to verify the synergistic effects and possibly
reduce the amount of commercial enzymes (CEs) applied in
hydrolysis processes.' 2
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The present study aimed to evaluate enzymatic
hydrolyses of EFBs with enzymatic extracts obtained from
basidiomycetes and ascomycetes, alone or in combination
with commercial cellulases, and characterize the release of
sugars and the removal of inhibitors.

Materials and methods

Hydrothermal pretreatment of empty fruit
bunches

The EFBs and sludge from the palm oil (Elaeis spp.) decanter
(SD) were provided by DENPASA (Dendé do Para S/A).

EFB biomass was subjected to hydrothermal pretreatment
(autohydrolysis) in a Parr reactor (4520, Parr Instruments
Company, Moline, Illinois, USA). Aliquots of 60 g of EFBs
and 710 mL of tap water were mixed, and the mixture was
subjected to heating at 180 °C for 40 min and constant stirring
at 600 rpm. After cooling, EFBs were subjected to simple
filtration in gauze for liquor removal. Then, the now-called
hydrothermally pretreated bunch (EFB-AH) had its moisture
content determined and stored in a closed container at 4 °C.

Biological pretreatment of EFBs by
macro-basidiomycetes

The biomasses (10 g of EFBs, 80 mesh) were placed in 250 mL
Erlenmeyer flasks for solid-state cultivation (SSC). The
humidity was adjusted to 65-70% with the addition of distilled
water, followed by sterilization for 30 min at 121°C and
overpressured 1 atm. Eight strains were cultured for enzyme
production: Flavodon flavus (BRM-055676), BRM-063103,
Fomes fasciatus (BRM-055675), Pleurotus sp. (BRM-062379),
Trametes sp. (BRM-060007), Pycnoporus sp. (BRM-062381),
Coprinus sp. (BRM-050072) and Pleurotus sp. (BRM-060012),
cultivated for 21 days at 28 °C. The crude enzyme extracts
(CEEs) were obtained by washing the colonized biomass with
a solution of Triton X-100 (0.1%), in a 1:10 ratio (w/v), using a
shaker under stirring at 200rpm, at 5.0 °C for 40 min. Then the
extract was filtered with gauze and centrifuged at 10600xg and
4.0 °C for 10 min, and the supernatant was collected. Sodium
azide (final concentration of 0.02%) was added to the CEEs

to prevent the growth of contaminating microorganisms. The
enzymatic extract was stored at 4.0 °C.

After macro-basidiomycetes culture in Erlenmeyer flasks
with EFBs, the lignocellulosic biomasses resulting were
named biologically pretreated biomasses (BEB). They
correspond to a mixture of plant biomass and microbial mass.
These BEBs were lyophilized for 48h and crushed (2mm) in
a bench mill (IKA 11°). Percentages of mass losses for EFBs
after biological pretreatment were calculated.
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Production of crude enzyme extracts by
ascomycetes

The references used for cellulolytic extract production were
the ascomycetes Trichoderma reesei (ATCC60787) and
Aspergillus aculeatus (F-50 NBRC108796). These ascomycetes
were grown in a sterile liquid culture medium, autoclaved at
121°C for 30 min at 1 atm,"* and supplemented with 2.5%
SD (80 mesh) to obtain the CEEs. Six 7mm mycelial disks of
T. reesei and A. aculeatus, previously cultivated individually
in potato dextrose broth (PDA) for 7 days, were used as
inoculum for liquid cultures. The flasks were incubated for

7 days in a shaker at 28 °C and 150 rpm. Samples of 1 mL
were collected daily to check the enzyme profile and soluble
protein content. At the end of the cultivation period, it was
centrifuged at 10 600xg, at 4.0 °C, for 10 min to obtain the
CEEs. The CEEs were then kept at 4.0 °C until used in the
cocktail formulation for enzymatic hydrolysis.

Characterization of biomass

The different types of biomass (EFBs, SD, EFB-AH and BEB)
were characterized for their contents of cellulose (glucan),
hemicellulose (sum of arabinan, galactan, xylan, mannan
and acetyl), lignin (fractionated into insoluble acid material
and soluble acid material), extractives and ashes, according
to methodologies recommended by the National Renewable
Energy Laboratory, Golden, CO, USA."*'® The coefficients
of molar absorptivity of lignin from the lignocellulosic
substrates were determined (2.2146L g_1 cm ! at 320nm).
Also, the SLC (loss of lignin/loss of cellulose ratio) and

SLH (loss of lignin/loss of holocellulose ratio cellulose +
hemicellulose) parameters were calculated.

Enzymatic hydrolysis of EFB-AH

The enzymatic hydrolyses were performed in 24 deep-well
plates, with a solid load of 5% (dry matter) biomass added to
the buffer solution (sodium citrate/citric acid, 100 mmol dm >,
pH 5.0), to a final volume of 2.2 mL. All of the experiments
were carried out in triplicate. The hydrolysis plates were sealed
and kept in a shaker at 50°C and 200 rpm for 24 h. Samples
were collected and centrifuged at 10600xg, at 4.0 °C, for

10 min, and the supernatant was stored at —20°C.

First, the CEEs of two macro-basidiomycetes (E flavus
BRM-055676 or E fasciatus BRM-055675) were lyophilized
and resuspended in distilled water, and concentrated
five times (CEEc5). The following mixtures of CEEc5 of
basidiomycetes (12.69mL g~' dry weight) were prepared:
concentrated five times (A) and 2.5 times (B), diluted
five times (C) and not concentrated (D). Then, the

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 16:799-815 (2022); DOI: 10.1002/bbb.2339

hydrolyses of EFB-AH were carried out with two different
enzyme mixtures. Mixture 1 comprised CEEs of macro-
basidiomycetes with concentrations A-D (12.69mL g™" of
EFB-AH dry weight) with CE cellulase of T. reesei (ATCC
26921; Celluclast®; Sigma-Aldrich®) and cellobiase of
Aspergillus niger (Novozyme-188°; Sigma-Aldrich®) and
the following protein dosages: 8.125and 4.375mg g ™' dry
weight. Mixture 2 comprised CEEs of basidiomycetes with
concentrations A-D (12.69mg g~' of EFB-AH dry weight)
and CEEs of T. reesei and A. aculeatus ascomycetes, with
protein dosages of 8.128and 4.375mg g™ dry weight,
respectively.

Synergism

The synergism degree allows us to verify whether there was
cooperation between the different enzymes concerning the
release of glucose and xylose during the enzymatic hydrolysis
of EFB-AH. The synergism degrees of these hydrolyses are
based on the quantification of sugars. The synergism degree
was calculated according to Eqn (1), as described by Arias

et al.,'” evaluating the sugar yields of each extract (CEEs of
macro-basidiomycetes and ascomycetes and commercials)
when compared with those of the mixtures.

Synergism degree =
Glucose released (mixture ofn components)

(1)

i=n
E glucose released for each component i
i=1

Enzymatic hydrolysis of BEFB

Saccharification through enzymatic hydrolysis of BEFB

with CEs was carried out with Cellic® CTec3® (Novozymes).
Experiments were prepared in 2 mL Eppendorf tubes with
BEFB containing extractives (samples without washing)

and free of extractives (BEB subjected to an accelerated
extraction using water/ethanol solvents; Dionex™ ASE™
Thermo Fisher Scientific, Waltham, MA, USA; 5% solids
content). Experiments with EFBs (untreated) were performed
in parallel as a control. To each tube was added 1.40 mL of
the enzyme (15 FPU g dry weight) diluted in citrate buffer
(0.1 mol dm™ sodium citrate and 0.1 mol dm™ citric acid)
pH 5.0, and sealed with parafilm ‘M’ Kasvi® and then placed
in a thermoblock (Eppendorf ThermoMixer® C) at 50 °C and
800 rpm for 24 h. All experiments were done in triplicate. At
the end of enzymatic hydrolysis, the tubes were centrifuged
at 10600xg, at 4.0 °C, for 10 min. Supernatants were then
collected for sugar quantification, and all experiments were
done in triplicate.

EA da Silva et al.
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Enzymatic hydrolysis of BEB pretreated
by autohydrolysis

Enzymatic hydrolyses of biomasses pretreated by combined
biological and hydrothermal treatments were carried out in
24 well-deep plates at pH 5.0 and 50°C for 24 h. The solids
load was 5% (dry matter), and the final volume of the enzyme
was standardized at 2.6 mL. EFB hydrolyses were evaluated
as: (i) raw EFBs; (ii) EFBs pretreated with E flavus BRM-
055676; (iii) EFBs pretreated by autohydrolysis (EFB-AH);
and (iv) EFBs pretreated with E flavus BRM-055676 followed
by autohydrolysis. The enzymatic cocktails applied were:

(i) Celic CTec3 (Novozymes; 15 FPU g ! dry weight) as
control; (ii) (Tr+Aa) (12.5 mg g~! dry weight); (iii) E flavus
BRM-055676 (12.69mL g~' dry weight) + (Tr+ Aa) (12.5 mg
g ! dry weight); or (iv) E fasciatus BRM-055675 (12.69 mL

g ! dry weight) + (Tr+ Aa) (12.5 mg g~' dry weight). The
enzymatic load of basidiomycetes during hydrolysis was
standardized in a volume since the protein concentration in
the crude extracts varies according to the species and is not
directly proportional to the respective enzymatic activity,
and basidiomycetes extracts have shown enzymes acting in
lignin (laccases and peroxidases). Supernatants were collected
for sugar quantification, and all experiments were done in
triplicate.

Removal of enzymatic inhibitors

The potential for removing phenolic compounds and
inhibitors by the action of enzymes was measured through
experiments carried out with CEEs of macro-basidiomycetes
alone and combined with CEEs of ascomycetes T. reesei

and A. aculeatus (Tr+ Aa). These experiments were
performed under the same conditions of hydrolysis but
without lignocellulosic biomass. A mix of pattern chemical
substances was formulated with gallic acid, vanillic acid,
hydroxymethylfurfural (HMF), furfural, vanillin, cumaric
acid, syringaldehyde, ferulic acid and synaptic acid (Sigma-
Aldrich), for a final concentration of 1 g L™}, mixed with
sodium citrate/citric acid buffer 0.1 mol dm™> (pH 5.0) and
CEEs. The deep-well plates were sealed and incubated at 50°C
in a shaker at 200 rpm for 180 min. Samples of 1 mL were
taken and frozen for posterior quantification of sugars. The
removal percentage was determined based on the controls
(standards substances without CEEs), and all experiments
were done in triplicate.

Analytical methods

Enzymatic loads were standardized by determining the FPase
activity followed the colorimetric method with miniaturized
DN, proposed by Xiao et al.'® The content of total soluble

Original Article: Deconstruction of oil palm empty bunches by basidiomycetes

proteins in the crude extracts was determined through the
bicinchoninic acid method'® in ELISA plates according to
the protocol Sigma-Aldrich® commercial kit. Values were
converted to mg g”" of the lignocellulosic substrate, taking
into account the volume of the extraction solution (Triton
X-100 0.1%) and the amount of substrate used in the system.

Quantification of glucose and xylose, after enzymatic
hydrolysis, was performed using high-performance
liquid chromatography (HPLC; Agilent Technologies),
under the following conditions: Aminex® column HPX-
87H (300 x 7.8 mm, Bio-Rad, solution of H,SO, (5 mmol
dm™) as the mobile phase; column temperature at 45°C,
running time of 12 min and a flow rate of 0.6 mL min™".

The hydrolysis yields were determined compared with the
theoretical maximum.'? HPLC was used to quantify lactic
acid, succinic acid, levulinic acid, acetic acid and formic acid.
Chromatographic conditions were the following: refractive
index detector, Aminex HPX-87H column with pre-column,
injection volume of 10 pL; mobile phase composed of 5mmol
dm™ H,S0, solution; flow rate of 0.6 mL min"; column
temperature at 45°C; and detector temperature at 45 °C.

For quantification of gallic acid, vanillic acid, HME furfural
and vanillin, using a diode array detector, an Acquity UPLC
HSS T3 1.8 um 2.1 x 150 mm column was used with a pre-
column. Detections were at 280 nm and 320 nm (coumaric
acid, syringaldehyde, ferulic acid and synaptic acid), with an
injection volume of 1 pL. Mobile phase A was 0.1% formic
acid and mobile phase Bwasacetonitrile. The following
gradient was used: 0 min (90% A and 10% B), 5 min (80%

A and 20% B), 7.5 min (75% A and 25% B) and 12.5 min
(55% A and 45% B). The workflow was 0.4 mLmin ™" and the
column temperature was 40°C.

Results and discussion

Characterization of biomass pretreated
by autohydrolysis

The compositions of cellulose, hemicellulose, lignin
and extracts were determined from raw and pretreated
lignocellulosic material by autohydrolysis (Table 1).
In absolute values, EFBs present a higher amount of
polysaccharides than SD. Lignin represents a considerable
fraction of the residues, and the increase in its concentration
in EFB-AH may be due to the removal of hemicellulose in
autohydrolysis. The protein amounts close the mass balance,
presenting 2.08+0.12% from empty fruit bunches and
15.44+0.17% from sludge from the oil decanter.

EFBs represent a promising biomass for obtaining
fermentable sugars; however, without any pretreatment,

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 16:799-815 (2022); DOI: 10.1002/bbb.2339
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Table 1. Chemical composition of some of the

residues from palm oil agroindustry.

Component EFBs (%) SD (%) EFB-AH (%)
Lignin 27.69+0.41 25.74+0.35 42.10+0.27
Cellulose 31.15+0.53 18.22+0.73 38.59+1.80
Hemicellulose 16.37+£0.21 12.39+0.19 8.75+0.33
Extractives 14.91+0.29 21.38+0.07  Not applicable
Ashes 5.99+0.02 7.56+0.06 0.57+0.14
Acetyl 3.49+0.03 1.61+0.01 0.65+0.02

EFBs, Empty fruit bunches; SD, sludge from oil decanter; EFB-AH,

empty fruit bunches pretreated by autohydrolysis.

yields of reducing sugars are limited (0.4-2.6%). The
presence of lignin and hemicellulose in this material is
the reason for lower sugar production.?’ Corroborating
this, it can be observed that, under the conditions tested,
the hydrothermal pretreatment mainly hydrolyzed EFB

12! characterized oil

hemicellulose. Thamvithayakorn et a
palm decanter cake that presented 30.62% lignin, 14.71%
hemicellulose and 22.39% cellulose. Abdul et al.* studied oil
palm EFB composition and achieved 50.5% cellulose, 29.6%
hemicellulose, 17.8% lignin, 3.4% ash and 3.2% extractive.
Jung et al.* performed pretreatment of empty palm fruit
bunches (5%, w/v) with 1 mol dm~> NaOH at 121°C, and the
characterization after pretreatment showed a composition

of 58% cellulose, 21.1% hemicelluloses, 8.8% lignin, 8.9%

extractives and 3.2% ash.

Characterization of biomass pretreated
by macro-basidiomycetes

Regarding lignin, treatments used traditionally in the
industrial process of obtaining the oil and the one used

in this study (hydrothermal) may have contributed to

the collapse of the EFB lignin. The loss of structural
components of biomass was quantified after pretreatm with
basidiomycete strains (BEFB), as shown in Fig. 1(A-E). One
can also observe that in the analysis of the characterization
of lignocellulosic biomass, mass closure of around 100% was
obtained (Fig. 1(E)).

The results show that the tested macro-basidiomycete
strains can metabolize cellulose, hemicellulose, lignin and
extractives as carbon and nitrogen sources, with the loss
of mass (Fig. 1(A)). Such losses are expected since fungi
convert part of the carbon/nitrogen sources present in plant
biomass into fungal biomass (mycelium), that is, a loss owing
to cellular respiration, releasing CO, and water. The highest
losses of mass observed occurred for Trametes sp. BRM-
060007 and Pycnoporus sp. BRM-062381 and then for E
flavus BRM-055676.

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 16:799-815 (2022); DOI: 10.1002/bbb.2339

EA da Silva et al.

The highest losses of cellulose (glucan) occurred in the
cultivation of Pycnoporus sp. BRM-062381, and then
Trametes sp. BRM-060007, Coprinus sp. BRM-050072
and Pleurotus sp. BRM-060012 (Fig. 1(B)). Concerning
hemicellulose, the highest losses occurred for Pleurotus
sp. BRM-062379 and BRM-060012 (Fig. 1(C)), while
delignification was higher for F flaviis BRM-055676 and F
fasciatus BRM-055675 (Fig. 1(A-E)).

The strains BRM-060012, BRM-062379 and BRM-063103
resulted in the highest levels of extractives loss — fatty
acids, simple sugars, waxes and sterols (Fig. 1(E)). The
carbon sources present in the holocellulose (cellulose and
hemicellulose) are generally better metabolized than lignin.
Biological treatments with macro-basidiomycetes during
longer cultivation times (30, 45, 60 or more days) may show
more significant de-lignification results for some species;>”
however, with higher losses of holocellulose (carbohydrates).

Nevertheless, the main goal of many studies, including this
one, is to obtain fungal strains that could delignify biomasses
in solid-state cultivation in a shorter time, leading to higher
levels of sugars and the absence of enzymatic or fermentative
inhibitors. Degradation of lignin by macrofungi is related to
variations in the consumption of sugars, obtained from the
breakdown of holocellulose, for the fungal growth itself.’
The preference of some fungi for hemicellulose has been
attributed to its lower degree of polymerization.” In the case
of the EFBs used, hemicellulose represents 16.37%, while
cellulose represents 31.15%. The results of this study indicated
that the tested strains were capable of simultaneously
degrading these polysaccharides.

Macro-basidiomycetes make use of their enzyme apparatus
to break down the lignin polymer to alter the structure of
lignocellulose.>” Selectivity of these fungi for this polymer is
obtained based on the ratio of loss of lignin to loss of cellulose
(SLC). In this way, the best fungi for application in biological
pretreatment are those that promote a high reduction of
lignin and less consumption of sugars (holocellulose or
cellulose) in a shorter time.’

The selectivity of macro-basidiomycete in degrading more
lignin than cellulose (SLC) of EFBs was one criterion for
selecting the best candidate to supply pretreated biomass
with a higher potential for further sugar release. Under the
conditions tested, the species that best showed this selectivity
was E flavus BRM-055676 (2.96), followed by BRM-063103
(nd) (2.17) and E fasciatus BRM-055675 (1.01), while the
other strains showed selectivity lower than 1.0, indicating
a higher consumption of cellulose concerning the lignin
contained in the EFBs of palm oil (Table 2).

In addition, a second selectivity was obtained, which
consisted of the loss of lignin/loss of holocellulose ratio (sum
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Figure 1. Composition of mass and structural components (%) of the empty bunches pretreated with macro-basidiomycetes
(BEB) in solid-state cultivation for 15days at 28 °C and 65% (+5) of moisture. Weight loss (A), lignin (B), cellulose (C),
hemicellulose (D), extractives (E) and mass closure (F). Data presented represent the mean and standard error of an
experiment carried out in triplicate. Different letters indicate statistically significant differences using the Tukey test (P<0.05).
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Table 2. Loss of structural components (%) after biological pretreatment with macro-basidiomycetes

(BEB) for 15days at 28°C and 65% (+5) of moisture level.

Strain® Lignin (%) Hemicellulose (%) Cellulose (%) SLC SLH
Flavodon flavus 7.45+0.56° 2.43+0.122 2.51+0.14° 2.96% 1.752
BRM-055676

BRM-063103 2.51+1.03%° 1.16+0.6% 1.16+0.26° 2.17% 1.642
Fomes fasciatus 6.19+1.313 2.17+1.762 4.41+0.13° 1.40P° e
BRM-055675

Trametes sp. BRM- 2.07+2.37° 1.43+1.362 6.91+0.572 0.24° 0.2°
060007

Pycnoporus sp. 1.36+£1.23° 2.09+1.24% 7.06+0.98% 0.17° 0.2°
BRM-062381

Data shown are the means +standard deviation for experiments performed in triplicate. Different letters in the column indicate statistically

significant differences using the Tukey test (P<0.05).

SLC, Ratio between loss of lignin and loss of cellulose; SLH, ratio between loss of lignin and loss of holocellulose (cellulose + hemicellulose).

*Strains that showed negative selectivity were omitted from the table.

of the components cellulose and hemicellulose), which was
called Lignin-Selectivity/Holocellulose - SLH. Based on this
selectivity, there are no statistically significant differences
between the strains tested; however, the most selective ones
(lignin/cellulose) presented values of SLH >1.0, indicating
higher lignin losses concerning cellulose and hemicellulose
polysaccharides (Table 2).

Other studies involving biological pretreatment of
biomasses resulted in different selective fungi for lignin.

The lignin/cellulose selectivity criterion is usually employed
to select biological pretreatment agents for plant biomass.
Partial de-lignification of biomass is a crucial step to obtain
pretreated biomass. The de-lignified biomass is consequently
easily deconstructed in the enzymatic hydrolysis step,
releasing higher concentrations of soluble sugars and
minimizing the formation of enzymatic and fermentative
inhibitors, which usually come from lignin.

The basidiomycete Trametes versicolor showed an SLC of
1.57 after SSC for 14 days, using EFBs as a substrate.”* In
another study, now using fungus Irpex lacteus Fr.238617/93
grown in lignocellulosic residues (corn straw, barley straw,
corn cob and wheat straw), after 21 days of colonization, the
SLCs were 1.38, 2.10, 1.54 and 1.40, for each biomass tested,
respectively.’

The biological pretreatment of corn stover, with 26 macro-
basidiomycetes in the SSC system for 30 days indicated that
Phlebia brevispora NRRL-13108 was the strain (SLC 2.46)
that was most selective.”'” In another study, white-rot fungus
Phanerochaete chrysosporium (ATCC 24725) presented an
SLC of 1.83 during 15 days of cultivation in the SSC system,
using rapeseed straw as a substrate.”

For the biological pretreatment of plant biomass, choosing
the macro-basidiomycete species is extremely important to

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 16:799-815 (2022); DOI: 10.1002/bbb.2339

obtain total reducing sugars. However, other experimental
variables are also truly relevant, such as the type of biomass
and cultivation conditions (humidity, temperature and
incubation time), which can even influence SLC results. In
addition, species used in these studies may behave differently
owing to the differential expression of genes that encode
ligninolytic and cellulolytic enzymes in response to variations

in these conditions.?®

Enzymatic hydrolysis of EFB-AH

A positive effect on the release of sugars was verified using
CEEs of E flavus BRM-055676 or E fasciatus BRM-055675
without any concentration step (12.69mL g™' of EFB-AH
dry weight), corresponding to 1.2 mL of CEE extract volume.
As it was impossible to increase the amount of CEEs owing
to the limitation of the reaction volume, the extracts were
concentrated five times before adding to the enzymatic
mixtures to verify improvements in the yields of EFB-AH.
In this step, the E flavius BRM-055676 and E fasciatus
BRM-055675 extracts did not undergo any purification and
separation before the concentration stage.

The results of the hydrolysis with concentrated CEEs of E
flavus BRM-055676 and F. fasciatus BRM-055675 with CEEs
of the ascomycetes T. reesei and A. aculeatus and CEs are
provided in Fig. 2. In general, a positive effect appeared when
combining E flavus BRM-055676 or F. fasciatus BRM-055675
with the CE: Celluclast and Novozymes-188. In comparison
with the control (only CE), the highest glucose yield occurred
for CE+ E flavus BRM-055676 (C) (Fig. 2(A)), while in
terms of xylose yield, no significant difference was verified
(Fig. 2(B)). Glucose releasing reached (3.17+0.13) g L™,
which corresponds to a 14.78 +0.60% yield.
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Figure 2. Yield (%) of glucose and xylose after 24 h hydrolysis of EB-AH, at pH 5.0 and 50 °C, applying different enzymatic
extractants: (A, B) with CE and Flavodon flavus BRM-055676; C-D with (Tr+Aa) and F. flavus BRM-055676; (E, F) with CE and
Fomes fasciatus BRM-055675; (G, H) with (Tr+Aa) and/or F. fasciatus BRM-055675. Enzymatic extracts of basidiomycetes

F. flavus BRM-055676 and F. fasciatus BRM-055675 (12.69mL g~ dry weight) were prepared: concentrated 5 times (A);
concentrated 2.5 times (B); diluted 5 times (C); and no concentration (D). CE extract = cellulase (8.125mg g~' dry weight)

and cellobiase (4.375mg g~ dry weight) (Sigma-Aldrich); (Tr+Aa) extract = Trichoderma reesei (8.125mg g~' dry weight) and
Aspergillus aculeatus (4.375mg g~' dry weight). Data shown represent the average of analyses performed in triplicate for each
essay also performed in triplicate. Different letters indicate statistically significant differences using the Tukey test (P <0.05).

The concentrated extract of F. fasciatus BRM-055675 (A) to those of the control in terms of xylose and glucose yields, at
improved the glucose and xylose yields compared with the tested conditions (D) (Fig. 2(G, H)).
the respective controls (Fig. 2(E, F)). For the cocktail with When comparing efficiency between the CEEs without
ascomycetes extracts, there was no positive effect of the lyophilizing (Fig. 2(A-H), concentration C) and the CEEs
combinations (Tr+ Aa) + F. flavus BRM-055676 (Fig. 2(C, lyophilized once (Fig. 2(A-H), concentration D), the

D)), while for F. fasciatus BRM-055675, the results were close lyophilization procedure did not affect the synergism of the

806 © 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 16:799-815 (2022); DOI: 10.1002/bbb.2339
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Original Article: Deconstruction of oil palm empty bunches by basidiomycetes EA da Silva et al.
CEEs from macro-basidiomycetes in combination with the for genome editing based on CRISPR-Cas9 and synthetic
enzymes Celluclast and Novozymes-188, leading to yields biology.*! Moreover, basidiomycetes are also sources of genes
close to those previously achieved. of industrial interest.*”

The concentration of enzymes to use in hydrolysis
must be studied to reduce it without compromising the

yield of fermentable sugars. De La Torre et al.”’ used Synergism
the lowest possible concentration of the CEs Celluclast Synergism is the cooperation between enzymes of the same
1.5, Novozyme-188 and Pectinex Ultra SP in cocktails enzyme complex, and it depends on the proportions and
during the hydrolysis of orange peel residues and characteristics of the enzyme and the substrate."*
observed that reductions in concentration resulted in a Table 3 shows the synergism values for glucose and xylose,
lower initial reaction rate and a lower yield. Moreover, calculated for mixtures of CEs with CEEs of E flavus BRM-
the saccharification process took place more slowly.”” A 055676 and F. fasciatus BRM-055675, and (Tr+ Aa) with
pre-optimization study concerning saccharification of CEEs of E flavus BRM-055676 and E. fasciatus BRM-055675
sugarcane bagasse, Cellic CTec2 enzyme (Novozymes), led (calculated with results from Fig. 2(A-H)). The degree of
to a higher yield of conversion from cellulose to glucose synergism for glucose release ranged from 0.51 to 1.47, and
when used in low enzymatic load and for high content of for xylose release from 0.57 to 1.07. All extracts mixed with
total solids.?® CEs had a degree of synergism for glucose >1, indicating

Cellulases and auxiliary enzymes tend to adsorb on a synergistic effect for glucose release. As for the release of
lignocellulosic surfaces, creating areas with a high protein xylose, only one of the extracts showed a degree of synergism
concentration and causing a reduction in average activities >1, indicating that none of the mixtures had a synergistic
by overcrowding or interference, leading to a significant effect for xylose release.
decrease in hydrolysis and consequently in glucose release® The treatment that showed the highest degree of synergism
(Fig. 1(C)). However, the addition of non-enzymatic for both sugars was the mixture of the commercial extract
proteins, such as bovine serum albumin, in a simultaneous with E fasciatus BRM-055675 (concentration A: 5 times
saccharification and fermentation system increased the concentrated), with 1.47 and 1.07 for glucose and xylose,
conversion of cellulose and xylose and the yield of ethanol respectively. For E flavus BRM-055676, the highest degree
from rice straw.”’ of synergism was observed with crude extract diluted five

It is necessary to focus on the selection of potential fungi for times (C), reaching 1.28 for glucose and 0.87 for xylose.
the development of efficient cocktails. Additional strategies Furthermore, according to the Tukey test (P <0.05), there was
include metabolic engineering and stress engineering to no statistically significant difference between the different
improve enzymatic production. These approaches achieved concentrations and dilution methods used with mixtures with
many advances in recent years by applying emerging tools the commercial extract.

Table 3. Synergism degree between CEEs of Flavodon flavus BRM-055676 or Fomes fasciatus BRM-055675

(different concentrations) and CEEs of (Tr+ aa) or CE.

CEEs Sugar Synergism degree
A B C D
CE+F. flavus BRM-055676 Glucose 1.01 £0.142 1.18 +0.122 1.28 +0.06% 1.21 +0.07°2
Xylose 0.79 +0.032 0.80 +0.03? 0.87 +0.032 0.85 +0.052
CE +F. fasciatus BRM-055675 Glucose 1.47 +0.062 1.23 £0.092 1.23 £0.112 1.25 +0.102
Xylose 1.07 +0.082 0.97 £0.042 0.99 +0.05% 0.97 +0.042
(Tr+Aa) +F. flavus BRM-055676 Glucose 0.51 +£0.02° 0.58 +0.03° 0.70 £0.03% 0.68 +0.012
Xylose 0.79 +0.022 0.75 £0.012 0.77 £0.042 0.80 +0.042
(Tr+Aa) +F. fasciatus BRM-055675 Glucose 0.68 +0.022 0.69 +0.042 0.68 +0.032 0.74 £0.05%
Xylose 0.58 +0.01° 0.57 +0.02P 0.58 +0.03P 0.70 +0.052

Enzymatic hydrolyses were performed with EFB-AH at pH 5.0, 50°C, during 24 h. A, CEEs concentrated 5 times; B, CEEs concentrated

2.5 times; C, CEEs diluted 5 times; and D, CEEs. Combination of CE with cellulase (0.65% with 12.5 mg g~") and cellobiase (0.35% with
12.5 mg g~') and enzymatic charge of F. flavus BRM-055676 and F. fasciatus BRM-055675 was 12.69mL g~". Different letters in the column
indicate statistically significant differences using the Tukey test (P<0.05).

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 16:799-815 (2022); DOI: 10.1002/bbb.2339 807
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Differences concerning sugar release from extracts F
flavus BRM-055676 and E fasciatus BRM-055675 were
probably due to the different enzymatic compositions of
these extracts, as reported in Fig. 1. In addition to cellulases
and xylanases, F. fasciatus BRM-055675 also presented lignin
peroxidase, which hydrolyzes lignin, possibly reducing
the recalcitrance of this biomass (caused by lignin) and
favoring the action of cellulases and xylanases. The results
from Fig. 1(B) confirmed this hypothesis, presenting a lower
lignin concentration in E fasciatus BRM-055675, therefore
corroborating the works of Laureno-Perez et al.>* and Fillat
et al®

These results compare with those obtained by Arias et al.,'”
who evaluated the performance of enzymatic extracts with
surfactants in the hydrolysis of sugarcane bagasse. This
previous work achieved a synergism of 1.43 for glucose
release by adding PEG 4000 to the Trichoderma harzianum
extract. Zhang et al.*® observed a synergism of 1.80 when
mixing cellulases (from Thermoascus aurantiacus) and
pectinases (Pectinex Ultra SP-L) for the hydrolysis of hemp
pretreated by steam explosion. Hu et al.”’ investigated
synergism in a mixture of xylanases (Multifect Xylanase,
Genencor US Inc., Palo Alto, CA, USA) and cellulases
(Celluclast 1.5 L, Novozymes, Franklington, NC, USA) in the
hydrolysis of corn straw pretreated by steam explosion and
achieved a synergism of 1.62. Pavén-Orozco et al.*® studied
synergism between genetically modified strains, Cellulomonas
flavigena xylanase CflIXyn11A and T. reesei endoglucanase
TrCel7B, for the hydrolysis of pretreated sugarcane bagasse,
and achieved a synergism of 6.3.

Enzymatic hydrolysis of BEB

Bunches biologically pretreated with eight macro-
basidiomycetes were subjected to enzymatic hydrolysis using
Cellic® CTec3® to verify the effect of these extractives on
glucose release. The results for the enzymatic saccharification
of BEB (with extractives), using the Cellic® CTec3® enzyme (15
FPU g ! dry weight), are shown in Fig. 3. The sugar release
was highly dependent on the strains used in BEB. Maximum
yields of glucose occurred for Pleurotus sp. BRM-060012 of
15.52+0.70% (2.73+0.12g L") and for E flavus of BRM-055676
0f 15.03+0.67% (2.76 £0.12¢g L™ (Fig. 3(A)). These results
indicate that extractive removal increases the glucose release
by 36.7% (from 15.0 to 20.5%; Fig. 3(A and C)). Concerning
xylose, the highest yield of 15.76 £0.39% (1.40+0.03g L ™)
occurred for Trametes sp. BRM-060007 (Fig. 3(B)).

These results indicate that the digestibility of the palm
oil bunches increased after the biological pretreatment by
the fungi F flavus BRM-055676 and Pleurotus sp. BRM-

Original Article: Deconstruction of oil palm empty bunches by basidiomycetes

060012 (glucose) and E flavus BRM-055676, Trametes sp.
BRM-060007 and Pycnoporus sp. BRM-062381 (xylose).
Fungal pretreatment decreases lignin content, modifying
the structure of the plant cell wall and resulting in more
amorphous regions - instead of the crystalline regions
present in the control biomass (untreated), thus improving
the accessibility of cellulases and hemicellulases to
hollocellulose.”

These results also suggest that the de-lignification of the
bunches, provided by E flavius BRM-055676 (SLC = 2.96) for
15days at the established conditions, may have facilitated its
digestibility during hydrolysis. Previous studies on enzymatic
activities showed that the production of peroxidases by F
flavus BRM-055676 could justify its performance on EFB
lignin (Silva et al., unpublished results).

An alternative for reducing lignin content in plant biomass
could be a pretreatment using ligninolytic enzymes.** The
addition of mediators 1-hydroxy benzotriazole and manganese
sulfate (MnSO,) in the enzymatic extracts produced by P
sanguineus UPM4 has been shown to lead to an increase in the
activity of ligninolytic enzymes. Then, the palm oil bunches
were pretreated with these extracts and then hydrolyzed,
leading to significant yields of fermentable sugars.*’ In
addition, in optimization studies, improvements in the
saccharification of these bunches were due to the previous
pretreatment using the laccase enzyme of Myceliophthora
thermophila 51003 (Novozymes), among other factors.*!

Some researchers have focused on the use of microbial
consortia, combining the cultivation of white and brown rot
fungi, which comprise a viable and promising alternative
to improve enzymatic digestibility, reducing the need for
long cultivation periods, as usually occurs in conventional
biological pretreatments.** It is crucial to use fungal strains
that could promote the reduction of lignin in a short
period. That corroborates Polprasert et al.,'' who evaluated
pretreatment of palm EFBs using sequential enzymatic
hydrolysis and yeast fermentation, and concluded that the
hydrolytic enzyme mixture used enhanced sugar formation
compared with a single enzyme.

Enzymatic hydrolysis of BEB pretreated
by autohydrolysis

Figure 4(A-H) shows the results of hydrolysis performed with
EFBs without pretreatment and subjected to combinations

of pretreatments. The biological pretreatment using E flavus
BRM-055676 improved the digestibility of EFBs for the CEs,
achieving 1.25+0.08g L™! of glucose, which corresponds

to a 6.8% yield increase (Fig. 4(C)). In this case, despite the
lower yields, the enzymatic combinations E fasciatus BRM-

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 16:799-815 (2022); DOI: 10.1002/bbb.2339
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Figure 3. Sugar yield (glucose and xylose) after saccharification of BEB with extractives (A, B) and BEB free of extractives
(C, D) after enzymatic hydrolysis at pH 5.0 and 50°C for 24 h using the Cellic® CTec3® enzyme (Novozymes) (15 FPU g’
dry weight). Yields were calculated based on the levels of glucan and xylan in the BEB. Data shown represent the average
and deviations of analyses performed in quadruplicate from each essay performed in triplicate. Different letters indicate

statistically significant differences using the Tukey test (P<0.05).

055675+ (Tr+Aa) and E flavus BRM-055676+ (Tr+ Aa) led to
higher sugar releases when compared with the control (Tr+ Aa).
The hydrothermal pretreatment resulted in the highest
sugar yields, mainly when using the CE Cellic® CTec3®
(Fig. 4(E and F)) compared with the other treatments. It
reached 4.45+0.10 g L' of glucose, which corresponds to
a23.07% yield increase. The mixtures of E fasciatus BRM-
055675+ (Tr+ Aa) and (Tr+ Aa) in combination led to the
highest glucose yields of 10.34% (1.99+0.17g L"), surpassing
the yield of E flavus BRM-055676 + (Tr + Aa) (1.45+£0.03 g
L™"). Regarding the combined pretreatment (biological +
hydrothermal), in general, the glucose yields were close to
those achieved with EFB-AH (Fig. 4(E-H)). In addition,

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 16:799-815 (2022); DOI: 10.1002/bbb.2339

comparing the results of raw and pretreated EFBs, the
glucose release increased 2.7 times applying hydrothermal
pretreatment [from 6.19% to 23.08% with Celic - Fig. 4(A
and E)] and 2.5 times with biological + hydrothermal
pretreatment [6.19-21.75% with Celic - Fig. 4(A and G)].
The efficiency of macro-basidiomycetes in deconstructing
the lignocellulosic biomass has encouraged their use in
combination and other pretreatments. The sequential
pretreatment (steam + fermentation with I lacteus) of beech
wood (Fagus sylvatica) achieved higher glucose yields.**
The combination of physical (particle reduction) and
biological pretreatment with the fungus P. ostreatus led to a
higher methane yield than untreated biomass.** However,

809

85U801 7 SUOLILLIOD BA 110 3|qeoljdde au Aq peusenob e sajole O ‘SN Jo S9N 1o AReig)TaUlUO AB|IM UO (SUOHIPUOO-pUe-SWB)/W00" A3 1M AReiq[eu |Uo//SdiY) SUORIPUOD pue swid | 8y} 88S *[6202/50/2T] Uo Arlqiauluo A8|im ‘seded Aq 6E€2°G00/Z00T OT/10p/LLI0d A8 | 1M Aze.q 1 pulju0'S feuno 10s//:scny Woly papeo|umoq ‘¢ ‘220z ‘TE0TZE6T



EA da Silva et al.

3810

Original Article: Deconstruction of oil palm empty bunches by basidiomycetes

A B [
225 45 225
20,0 40 200
175 35 175
s S 2
5 150 5 30 5 150
2 3 ko
o 125 = 25 > 125
o
3 o 3
Q 2 Q
o 100 S 2 o 10,0
3 z 3
a
O 754 a 15 O 75 a
b b
50 b 10 50
a
‘ N .
0,0 0 0,0
50 250 50
D E a F .
45 225 | 53 45
40 20,0 404 {
35 = 175 35
S [ S
5 % D 150 5 30
Q 5 2
> 25 125 > 254
2 2 ? $
S g 100 S b
X o c 3 b b
15 75 15
10 50 10
a
54 ﬁ b b 2,5 4 54
=i [ [N
0 00 0
250 50
G a H

Glucose yield (%)
N
@«

Xylose yield (%)

b
10
5
0 T

b
! b b
75
50
25
0,0 T T T T
6&"@ (&‘??\ 66@

&
N 5
© ©
a‘lé\ abﬁ;\
S o
& &

b b
& &
N N
e o
& &
& &

N )
@ R <.(V"

A
& &

Figure 4. Sugar vield (glucose and xylose) after enzymatic hydrolysis at pH 5.0 and 50°C for 24 h, comparing Cellic® CTec3®
(Novozymes) (15 FPU g~' dry weight) with CEEs of ascomycetes (Tr+Aa) (12.5 mg g~ dry weight) or combinations of CEEs
from basidiomycetes [Flavodon flavus BRM-055676 (12.69mL g~ dry weight)+ (Tr+Aa) (12.5 mg g~' dry weight) or Fomes
fasciatus BRM-055675 (12.69mL g~' dry weight) + (Tr+Aa) (12.5 mg g~ dry weight)], on pretreated and untreated empty

bunches. (A, B) Raw empty fruit bunches (EFBs); (C, D) treated with F. flavus BRM-055676 (BEB); (E, F) bunches pretreated by

autohydrolysis (EFB-AH); and (G, H) bunches pretreated by F. flavus BRM-055676 and autohydrolysis. Data shown represent
the average deviations of analyses performed in triplicate from each essay also performed in triplicate. Different letters
indicate statistically significant differences using the Tukey test (P<0.05).

an effective biological pretreatment does not require a
reduction in the biomass particles to guarantee the pentose
(hemicellulose) fractions, avoid the formation of microbial
inhibitors and reduce costs. The breakdown and removal
of lignin from biomass is the goal for using basidiomycetes.
This polymer contributes to the recalcitrance of the material,
hindering enzymatic action during the saccharification stage
of polysaccharides (cellulases).*®

Among the factors that limit hydrolysis are cellulose
crystallinity, degree of polymerization and lignin content on

the surface.’ To overcome these issues, the use of biological
pretreatments with white-rot fungi represents a low-cost
and environmentally friendly alternative.*® With a direct
effect on the recovery of sugars to obtain ethanol, bio-
delignification was used before chemical pretreatments.*’
The combination of pretreatments is a strategy that aims

at increasing the yield of saccharification of lignocellulosic
biomasses.*® However, it is still necessary to optimize the
cultivation conditions to reduce the time of colonization of
the substrate and provide the highest sugar yields.

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 16:799-815 (2022); DOI: 10.1002/bbb.2339
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Reduction of enzymatic hydrolysis
inhibitors

During hydrothermal pretreatment, the production of
several soluble inhibitors affects the enzymatic hydrolysis
and fermentation efficiency, such as phenolic inhibitors
derived from lignin.* The results on the potential reduction
of phenolic substances by enzymatic action obtained in this
present study are provided in Table 4. The percentages of
reduction of compounds depend on the treatment. CEEs
containing only enzymes from T. reesei and A. aculeatus
reduced levels of all substances, mainly coumaric acid
(79.9%). In some cases, combination with CEEs of macro-
basidiomycetes provided large reductions in some of them.
The addition of E fasciatus BRM-055675 CEE:s significantly
reduced the concentrations of gallic and synaptic acid.
Regarding gallic acid, the combination F fasciatus BRM-
055675+ (Tr+ Aa) led to a reduction of 56.5%, while (Tr+ Aa)
provided a reduction of 51.7%. The CEEs of E. fasciatus also
reduced the concentration of synaptic acid, reducing it to
71.4%, compared with a reduction of 56.7% provided by the
combination E flavus BRM-055676 + (Tr + Aa) and 51.8%
by (Tr+ Aa). Regarding succinic acid, the combination E
flavus + (Tr+ Aa) reduced it the most (46.7%), followed by E
fasciatus + (Tr+ Aa) (45.02%) and (Tr+ Aa) (43.6%). The CEEs
of macro-basidiomycetes alone promoted lower reductions at
the evaluated conditions when compared with the (Tr+ Aa).

EA da Silva et al.

Phenolic compounds generated during the pretreatment
of lignocellulosic biomass reduce the activity of cellulases
and can also inhibit bacteria and yeasts in fermentation
processes.*® Phenols, such as vanillin, syringaldehyde, trans-
cinnamic acid and hydroxybenzoic acid, for example, inhibit
cellulose hydrolysis in wet corn cake.” These substances
can alter the structural conformation of proteins, leading
to their inactivation.”! According to Toquero and Bolado,™
yeasts may suffer stress because of high osmotic pressure
or high concentrations of inhibitory compounds, and the
combination of these factors can act synergistically, affecting
ethanol yields. Although some studies indicate the causes of
the decrease in hydrolysis efficiency, little is known about the
mechanisms involved in the enzymatic inhibition process.>

Inhibitors such as furaldehydes, phenolic compounds
and organic acids were released in biomass pretreatment
and hydrolysis during the deconstruction of cellulose and
hemicellulose into monomeric sugars. These inhibitors unsettle
microbial metabolism by damaging cellular membranes and
reducing intracellular pH, affecting enzymes activities, which
may result in a prolonged lag phase, lower fermentation rates
and reduced tolerance to ethanol.”* Macro-basidiomycetes
have developed biochemical abilities to deal with the
substances resulting from lignin degradation and plant
defenses.> Part of the success in dealing with toxic substances
has been associated with cytochrome P450 monooxygenases,
constituting the fungal defense system against xenobiotics.”®

Table 4. Reduction (%) of phenolic and inhibitory substances by CEEs of basidiomycetes and

ascomycetes.

Phenolic (Tr+Aa) Flavodon flavus (Tr+Aa)+F. flavus Fomes fasciatus (Tr+Aa) + F. fasciatus
compounds BRM-055676 BRM-055676 BRM-055675 BRM-055675
Succinic acid 43.65 £0.19° 4.22 +0.33° 46.71 +0.382 6.94 +0.60¢ 45.02 +0.39°
Lactic acid 43.42 +0.482 0.00 +0.00° 41.06 +0.532 1.52 +1.18° 42.01 +0.842
Formic acid 43.33 +0.73° 0.00 +0.00¢ 38.52 +0.65° 0.00 +0.00¢ 40.05 +0.13°
Acetic acid 42.97 +0.80° 0.00 +0.00° 40.08 +0.35° 0.29 +0.41¢ 4254 +0.15°
Levulinic acid 40.53 +1.312 1.33 £0.44° 38.47 +0.63° 2.33 +0.53° 40.53 +0.83°
Galic acid 51.77 +1.48° 8.70 +0.68¢ 46.97 +1.54° 2.63 +1.46° 56.55 +0.52°
HMF 49.28 +0.812 7.66 +0.05° 47.95 +1.19° 8.78 +1.75° 50.55 +0.612
Furfural 48.16 +0.35° 1.35 £1.11° 47.28 +0.50° 1.76 +0.91° 47.58 +0.72°
Vanillic acid 50.10 +1.312 9.02 +033° 48.07 +1.172 0.00 +0.00° 50.67 +0.49°
Vanillin 49.10 +1.072 4.44 +0.19¢ 46.11 +0.89° 8.57 +0.98° 49.36 +0.14°
Coumaric acid 79.97 +0.412 7.01 £0.17° 48.30 +0.89° 0.00 +0.00¢ 49.74 +0.99°
Syringaldehyde 48.30 +0.93° 5.43 +0.21° 46.80 +1.08° 0.00 +0.00° 49.03 +0.57°
Ferulic acid 49.38 +1.322 8.12 +0.01° 48.51 +0.97° 0.00 +0.00° 50.91 +0.422
Synaptic acid 51.85 +1.41° 15.64 +0.14¢ 56.72 +1.19° 28.05 +2.73° 71.46 +0.24°

Inhibitor quantification of enzymatic hydrolysis performed at pH 5.0 and 50°C for 180min, using a combination of CEEs of basidiomycete
and ascomycetes. Data shown represent the averages and deviations of analyzes performed in triplicate from each essay also performed in
triplicate. Different letters in the column indicate statistically significant differences using the Tukey test (P<0.05).
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There is a reduction in some phenolic compounds when
using the CEEs of macrobasidiomycetes and ascomycetes
(Fig. 4). The basidiomycete E fasciatus BRM-055675 proved
to be a good option for further studies regarding inhibitors. It
is still necessary to optimize its use and build a 72 h analytical
curve of degradation to evaluate enzymatic hydrolysis of
previously pretreated plant biomass.

Conclusions

This study presents an evaluation of the deconstruction of
oil palm EFBs. The autohydrolysis pretreatment showed
the best sugar yields during hydrolyses; however, biological
pretreatment provides enzymes and other advantages. The
biological pretreatment of EFBs by E flavus showed higher
selectivity over the lignin. The higher synergism degree for
glucose release from EFB-AH resulted from the enzymatic
extract of E fasciatus combined with CEs. The cocktail

of E flavus and commercial enzymes reached the highest
glucose yield during hydrolyses of EFB-AH. The E fasciatus
enzymatic extract demonstrated potential for phenolic
substance reduction. Therefore, based on these results, we can
postulate that the use of basidiomycetes from the Brazilian
cerrado to pretreat empty bunches of palm oil has a high
biotechnological potential for biorefinery purposes.
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