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Abstract: In this study, chestnut shells (CNS), a recalcitrant and low-value agro-industrial waste
obtained during the peeling of Castanea sativa fruits, were subjected to solid-state fermentation by six
white-rot fungal strains (Irpex lacteus, Ganoderma resinaceum, Phlebia rufa, Bjerkandera adusta and two
Trametes isolates). After being fermented, CNS was subjected to hydrolysis by a commercial enzymatic
mix to evaluate the effect of fermentation in saccharification yield. After 48 h hydrolysis with
10 CMCase U mL−1 enzymatic mix, CNS fermented with both Trametes strains was recorded with
higher saccharification yield (around 253 mg g−1 fermented CNS), representing 25% w/w increase
in reducing sugars as compared to non-fermented controls. To clarify the relationships and general
mechanisms of fungal fermentation and its impacts on substrate saccharification, the effects of some
independent or explanatory variables in the production of reducing sugars were estimated by general
predictive saccharification models. The variables considered were lignocellulolytic activities in fungal
fermentation, CNS hydrolysis time, and concentration of enzymatic hydrolysis mix. Multiple linear
regression analysis revealed a very high significant effect (p < 0.0001) of fungal laccase and xylanase
activities in the saccharification models, thus proving the key potential of these enzymes in CNS
solid-state fermentation.

Keywords: chestnut shells; enzymatic hydrolysis; fungal pretreatment; waste valorization

1. Introduction

Lignocellulosic biomass from agricultural and forestry activities has been the object
of increasing interest, due to decarbonization policies [1], as a renewable resource for the
production of biofuels and value-added bioactive molecules [2–6]. During agro-industrial
peeling of chestnuts (Castanea sativa Mill.), chestnut shells (CNS) were discarded as waste
accounting approximately for 15% of the total weight of whole chestnuts [4,7]. Taking into
account the requirements of the circular economy and the concept of biorefinery [8], CNS
can contribute to the available range of renewable resources [6,8]. Morana et al. [8] reported
that it is constituted of Klason lignin (41.7%) and carbohydrates (41.6%) including around
28.4% cellulose, 7.9% xylan, 0.3% cellobiose, 2.8% galactose, and 2.2% arabinose on a dry
weight basis.

In order to improve the access to structural polysaccharides of lignocellulosic biomass
and their hydrolysis, the deconstruction of a complex cell wall matrix is an imperative
operation. Furthermore, this step, which is one of the most expensive unit operations in
the bioconversion process [9], should be selective, with minimum loss of carbohydrates
and favoring lignin removal. This recalcitrant heteropolymer of plant cell wall, hinders
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the enzymatic action, acting as a limiting factor of polysaccharides hydrolysis into fer-
mentable sugars. Therefore, for an effective deconstruction of the recalcitrant cell wall
matrix, lignocellulosic biomass must be submitted to pretreatment, especially when enzy-
matic hydrolysis is chosen for the saccharification process. Several physical, chemical, and
biological pretreatments have been developed to improve enzyme accessibility to structural
carbohydrates [10–13]. An efficient process for biomass pretreatment should preserve both
carbohydrate fractions, pentoses (from hemicellulose) and hexoses (mainly from cellulose),
without the formation of toxic products [13].

Biological pretreatments have been reported as promising eco-friendly tools due
to several factors, such as low environmental impact, moderate reaction conditions, re-
duced side reactions and lower energy requirements [14]. More specifically, biological
pretreatments aim to break down and remove the lignin “seal” and disrupt the crystalline
structure of cellulose, increasing the susceptibility of the pretreated substrate to subse-
quent enzymatic or microbial attack, while minimizing the loss of carbohydrates [15].
Among biological pretreatments, solid-state fermentation carried out by some white-rot
fungi (WRF), namely, Phanerochaete chrysosporium, Pleurotus ostreatus, Trametes versicolor,
Bjerkandera adusta, Ganoderma resinaceum, Irpex lacteus, and Phlebia rufa have been studied
in the pretreatment of agro-industrial residues such as wheat straw, cotton stalks, corn
stover and grape stalks [5,12,14–18]. WRFs are able to depolymerize and mineralize lignin
efficiently due to an extracellular and unspecific enzymatic system [12], and thus allow
increasing saccharification yields of fermented biomass. In addition to ligninolytic en-
zymes, WRFs also produce extracellular carbohydrate-acting hydrolases such as cellulases,
hemicellulases and xylanases which are also involved in the in vivo decaying process
of lignocellulosic biomass. This pool of oxidative and hydrolytic enzymes constitutes a
lignocellulolytic complex, whose mechanism of action and biochemical properties are well
reviewed elsewhere [19]. Briefly, the ligninolytic system is composed mainly of laccase,
lignin peroxidase (LiP), versatile peroxidase (VP; also called manganese independent perox-
idase) and manganese-dependent peroxidase (MnP). While LiPs are capable of mineralizing
lignin, recalcitrant aromatic pollutants and dyes, MnPs have a similar catalytic mechanism,
but differ in utilizing Mn2+ as the primary electron donor. The VP has similar catalytic
activities to LiP and MnP, i.e., it combines both peroxidase actions, and allows its appli-
cation in Mn-mediated or Mn-independent reactions, with low or high redox potential
aromatic substrates.

Although the potential of WRF enzymatic systems, aiming lignocellulosic biomass
pretreatment and saccharification increase has already been studied, overall process mech-
anisms and the relationship between variables needs additional insights and/or further
clarification. In this study, pretreatment of CNS by several fungal strains under solid-state
fermentation was carried out and the production of extracellular lignocellulolytic enzymes
complexes was evaluated. Subsequent enzymatic saccharification of pretreated CNS was
quantified and the contribution of main factors namely, extracellular WRF enzyme activities,
hydrolysis time and enzyme concentration, were estimated as components of saccharifi-
cation yield. The contribution/influence of these factors was estimated through multiple
linear regression models.

2. Materials and Methods
2.1. Pretreatment of Chestnut Shells by Fungal Solid-State Fermentation

Fruits (Castanea sativa Mill.) picked at the University of Trás-os-Montes and Alto Douro
campus were peeled and resulting shells (CNS) dried, grounded and sieved at 4 mm mesh
before being stored at room temperature.

For CNS pretreatment the following WRF strains were used: UTAD V20 (Ganoderma
resinaceum Boud.), UTAD 3 (Irpex lacteus (Fr.) Fr.), UTAD 156/UF206 (Phlebia rufa (Pers.) M. P.
Christ.), UTAD 100 (Bjerkandera adusta (Willd.) P. Karst.), UTAD 103 (Trametes versicolor (L.)
Lloyd) and UTAD Tra (Trametes sp.). These strains were maintained at 4 ◦C in potato dex-
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trose agar (PDA) and submitted to periodical subcultures in the Biochemistry Laboratory
at UTAD.

Inoculations of CNS with each WRF strain for pretreatment under solid-state fermen-
tation conditions were carried out as previously described by Pinto et al. [17] with minor
modifications. Briefly, minimal liquid medium [17] was used to obtain moistened CNS
with a 11% (w/v) solid/liquid ratio. The inoculation was done with four 1 cm2 PDA plugs
containing fully developed mycelium of each WRF strain. After 21 days of pretreatment,
contents of the culture flasks were suspended in 150 mL of deionized water and incubated
on a rotary shaker (100 rpm) for 3 h. Extracts were filtered (Whatman GF/A), centrifuged
and aliquots were used to determine enzyme activities. Samples of controls and pretreated
CNS were washed in order to remove mycelium and soluble molecules, dried at 60 ◦C until
constant weight, and used for further enzymatic saccharification.

2.2. Enzyme Assays and CNS Fiber Determination

Absorbance readings were measured at 25 ◦C using a Helios gamma UV–vis spec-
trophotometer (Thermo Fischer Scientific, Ashville, NC, USA). Determination of car-
boxymethylcellulase (CMCase), avicelase and xylanase activities were carried out according
to the IUPAC recommendations [20] using 0.5 mL of culture extracts. Briefly, substrates
carboxymethylcellulose, avicel and xylan (Sigma, St. Louis, MO, USA) at 1% (w/v) were
prepared in 50 mM citrate buffer, pH 4.8. Hydrolysis was carried out at 50 ◦C for 30 min
for CMCase and xylanase and 180 min for avicelase. Reducing sugars released were de-
termined by dinitrosalicylic acid (DNS) method [21], using glucose as a standard. For
ligninolytic enzymes, the activities were monitored as previously described [5,18] us-
ing 0.1–0.4 mL of culture extracts and buffered substrates in 1.5 mL reaction volume as
shown below. Laccase was measured following the oxidation of 2.0 mM 2,2′-azino-bis
(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) in 100 mM phosphate–citrate buffer pH 4.0
at 420 nm [18]. Manganese peroxidase activity was determined by the formation of Mn3+-
tartrate from 0.10 mM MnSO4, using 100 mM tartrate buffer pH 5 and 0.10 mM H2O2 [18].
Versatile peroxidase was accessed using 2.0 mM ABTS as substrate in 100 mM tartrate
buffer pH 5 and 0.10 mM H2O2 at 420 nm. Assay values were corrected by subtracting
laccase activity (assays without H2O2) [5]. Lignin peroxidase activity was determined in
100 mM tartrate buffer pH 3.0, monitoring at 310 nm the oxidation of veratryl alcohol in
the presence of 0.10 mM H2O2 [17].

Lignocellulosic composition of CNS was assessed as fiber fractions (dry matter; %DM),
viz. ash-free neutral detergent fiber (NDF), ash-free acid detergent fiber (ADF) and acid
detergent lignin (ADL) according to van Soest method described by Fernandes et al. [5].
The concentration of cellulose was calculated as the difference between ADF and ADL, and
hemicellulose as the difference between NDF and ADF.

2.3. Enzymatic Saccharification of Chestnut Shells

Non-fermented CNS (controls) and WRF fermented CNS were hydrolyzed by a com-
mercial enzymatic mix, Onozuka R-10 (Merck, Rahway, NJ, USA) containing CMCase
(1 U mg−1), xylanase (10 U mg−1), β-glucosidase (0.04 U mg−1), α-amylase (0.5 U mg−1),
endo-1,3-β-D-glucanase (0.2 U mg−1), pectinase 0.1 U mg−1. Saccharification was carried
out with two enzymatic mix concentrations, 2.5 U mL−1 and 10 U mL−1 CMCase activity.
CNS samples (0.12 g) of each WRF pretreatment and controls were placed in flasks con-
taining 20 mL of 50 mM citrate buffer, pH 4.8 with 0.01% sodium azide. After swelling
overnight, 2 mL of each enzymatic mix concentration were added. Four hydrolysis times:
12, 24, 48 and 72 h at 45 ◦C with shaking at 100 rpm were used for saccharification anal-
ysis. Production of reducing sugars was determined by DNS method [21] using glucose
as standard.
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2.4. Data Processing and Statistical Analysis

Experimental data, with at least three replicates, except in CNS fiber analysis (mean
of two replicates), were analyzed by a completely randomized design experiment in one-
way ANOVA, using IBM SPSS Statistics 19 (IBM, New York, NY, USA). Multiple linear
regression was done in order to analyze the effect of independent or explanatory variables
(lignocellulolytic activities in fungal fermentations, CNS hydrolysis time, and concentration
of enzymatic hydrolysis mix) on the dependent variable (reducing sugars (rs) production).
With this approach, we can analyze which explanatory variables are more likely to be
important for modeling the saccharification process. The multiple linear regression general
model was: Y = β0 + β1κ1 + β2κ2 + . . . βp−1κp−1 + ε where Y is the dependent variable
(reducing sugars), β0, β1, β2 are the regression parameters; κ1, κ2, κp−1 are the explanatory
variables and ε is the random error. Furthermore, the possible interaction between the factor
levels was tested, as a model of factorial experiment, with two factors to consider: enzyme
concentration/activity (κ1) and time of hydrolysis (κ2), which can be tested using the
model: Yijk = µ + β1κ1i + β2κ2j + β3(κ1κ2)ij + εijk, where Yijk is the observation k (reducing
sugars value) in level i of factor κ1 (enzyme activity or concentration) and level j of factor
κ2 (time); µ is the overall mean; the term (κ1κ2)ij represent the effect of the interaction in
level i of factor κ1 with the level j of factor κ2, and εijk is the random error. An analysis of
covariance was also verified using the model Yij = β0 + αi + β1κij + εij, where the variability
of the dependent variable (reducing sugars) may be explained by defined independent
categorical (αi) and continuous (covariate) κij variables.

3. Results and Discussion
3.1. Fungal Pretreatment of Chestnut Shells: Oxidative and Hydrolytic Activities

Pretreatment of lignocellulosic biomass through fungal solid-state fermentation aims
to increase access to structural polysaccharides for subsequent hydrolysis [14–19]. In this
work, the CNS content of structural polysaccharides and lignin before and after fungal
fermentation (Table 1) are in line with those previously reported [8]. WRF mediated
degradation of recalcitrant lignin of plant cell walls, involves oxidation reactions catalyzed
by laccase, LiP, MnP and VP enzymes. This group of enzymes, highly versatile in nature,
are considered key factors in biomass pretreatment [5,12–19].

Table 1. Chemical composition (% DM) of non-fermented (control) and fungal-fermented CNS.

NDF ADF ADL Cellulose (a) Hemic. Lignin (b) a/b Ratio

Control 82.7 74.2 38.8 35.5 8.4 38.8 0.9
I. lacteus 83.7 78.7 34.0 44.7 5.0 33.7 1.3

G. resinaceum 89.8 82.7 46.4 36.3 7.1 46.4 0.8
B. adusta 86.0 80.3 39.0 41.3 5.8 39.0 1.1

P. rufa 90.5 84.0 44.6 39.4 6.5 44.6 0.9
T. versicolor 86.6 82.3 38.9 43.4 4.3 38.9 1.1
Trametes sp. 90.5 83.2 41.0 42.3 7.2 41.0 1.0

NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; Hemic., hemicellulose.

Extracellular ligninolytic activities detected in WRF-fermented CNS are shown in
Figure 1. According to our results, mean laccase activity obtained with all six fungal
strains (0.5 U mL−1) is much higher than peroxidases, MnP and VP activities of 0.1 and
0.3 U mL−1, respectively, a behavior also observed in solid-state fermentation of CNS in
the presence of other fungal species, such as Coriolopsis rigida [22]. On the contrary, higher
activity for MnP than laccase was previously observed during solid-state fermentation of
grape stalks [5] and wheat straw [17,18,23]. CNS is a highly lignified substrate even after
fungal fermentation (Table 1) and contains a wide range of phenolic acids [2], thus laccase
might play a key role, concerning the oxidation of phenolic compounds. In this work,
laccase activity of both Trametes strains was about twice as high as that of G. resinaceum.
However, this enzymatic activity was not detected in CNS fermentations with B. adusta and
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I. lacteus. Moreover, there is no report of laccase enzyme production from these strains even
on the different agro-industrial substrates such as grape stalks [5], wheat straw [17,23], and
corn stover [24]. P. rufa presented low laccase activity, in line with recent findings in similar
conditions, but in the presence of a different substrate [5]. Nevertheless, strong laccase
activity, proportional to phenolics concentration, was previously observed in submerged
cultures of P. rufa [25]. On the other hand, the Phlebia genus has been reported as a selective
producer of ligninolytic enzymes, promoting efficient bioconversion of lignocellulosic
substrates [26].

Figure 1. Ligninolytic activities (means± SD) detected in extracts of chestnut shells after pretreatment
by white rot fungal strains.

According to Figure 1, at least one type of peroxidase activity, MnP or VP, was
detected in extracts from each fungal-fermented CNS. While five of the six fungal strains
except B. adusta produced VP enzyme and four fungal strains except for G. resinaceum and
P. rufa were observed to produce MnP. None of the fungal strains exhibited LiP activity,
although there were previous reports of this enzyme production on grape stalks [5], and
wheat straw [17,23], by B. adusta, I. lacteus [17,18], and Trametes sp. [17], respectively. The
absence of LiP activity, also observed previously by Dong et al. [27] during fungal CNS
pretreatment, was related to the levels of C/N ratio [28] and other external factors such
as inactivation by phenolic compounds [29]. Within peroxidases, VP firstly reported in
fungal genera Pleurotus and Bjerkandera [30,31], plays an important role in the process
of lignin degradation. More recently, VP was also isolated from fungal strains of genera
Trametes [32], Phlebia [33], Ganoderma [34] and Irpex [35]. Taking into account that an efficient
lignocellulosic pretreatment enhances enzyme accessibility and subsequent saccharification
of structural polysaccharides [10–12,36], fungi should excrete an appropriated enzymatic
balance between oxidoreductases and hydrolases.

Three hydrolytic activities accounting for xylanase, CMCase and avicelase were evalu-
ated at the end of CNS pretreatment. As can be seen in Figure 2, all fungal strains produced
all of these enzymatic activities, although avicelase values are clearly the lowest. The
highest values of xylanase and CMCase activities were detected from CNS fermented
by G. resinceum and B. adusta, respectively. In general, xylanase was a dominant fungal
enzyme, being about three to eight times higher than the CMCase activity in all fungal
strains except I. lacteus. Large differences within enzymatic activities detected in pretreated
lignocellulosic substrates have been previously observed in several fungi, including all
strains of this work [5,17,18,23]. As previously pointed out [36], this highlights the need to
interpret the pattern of enzymatic activities detected as a function of interactions among
fungal strains, substrates type and incubation periods.
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Figure 2. Hydrolytic activities (means ± SD) detected in extracts of chestnut shells after pretreatment
by white rot fungal strains.

3.2. Saccharification of Pretreated Chestnut Shells

The saccharification of structural polysaccharides remaining in fermented CNS aims
to obtain carbon-neutral soluble sugars for further bioconversion into higher value-added
products [12]. Enzymatic hydrolysis of pretreated CNS was evaluated as reducing sugars
released at 12, 24, 48 and 72 h (Figure 3). As can be seen, reducing sugars production
is clearly influenced by the fungal species used in pretreatment, since some of them
did not contribute to increasing saccharification yields, particularly in the first 24 h of
hydrolysis. However, after 48 h hydrolysis, both Trametes strains and G. resinaceum showed
significant (p < 0.05) saccharification yield increments relative to the non-fermented control.
However, only both Trametes strains increased the saccharification yield at extended (72 h)
hydrolysis time.

Figure 3. Enzymatic saccharification of non-fermented (Control) and fungal fermented CNS with
a commercial preparation containing 10 U mL−1 of CMCase activity. Bars with different letters are
significantly (p < 0.05) different among them.

Considering biological pretreatments, fungal solid-state fermentations present as
major drawbacks during prolonged incubation times, the possibility of sugars consumption
as a function of fungal species. According to Figure 3, substrate fermented by fungal
strains I. lacteus and G. resinaceum shows low saccharification yields, which is consistent
with higher sugars consumption during the fermentation step and with the observed
limited increase of cellulose/lignin ratio. Enzymatic pretreatments can be an alternative
but present a major limitation of risk of reaction inhibition by phenolic compounds as well
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as the high capital cost involved for enzyme production and downstream processing [37].
Thus, solid-state fermentation with selected WRF is an attractive option for the pretreatment
of various types of lignocellulosic residues [5,17,23,24,36] and can be important tools in
the implementation of circular economy processes for the production of biofuels and other
value-added chemicals, according to the concept of biorefinery and the principle of zero
waste discharge [38].

3.3. Relationship between CNS Saccharification and Explanatory Variables Using Multiple Linear
Regression Analysis

Multiple linear regressions were performed to identify which explanatory variables
would have the greatest effect on the increase in saccharification in terms of reducing sugars
(rs) produced. Thus, we analyzed putative cause-effect relationships between reducing
sugars released and dependent variables related to pretreatment and saccharification
(lignocellulolytic activities in fungal fermentations, CNS hydrolysis time, and concentration
of enzymatic hydrolysis mix). Three statistically significant (p < 0.0001) models, A, B,
C, (Table 2) were adjusted with high correlations between experimentally observed vs.
predicted data.

Table 2. Estimated regression models for the effect of some dependent variables on the saccharification
yield.

Model 1 Regression Model R2 Significance

A rs = 203 + 50× laccase− 293×VP− 215×MnP + 64× xylanase− 168CMCase + ε 0.995 p < 0.0001
B rs = 40 + 37× laccase− 560×VP + 15× enzymatic mix + ε 0.791 p < 0.0001

C 2 rs = 28+ 0.72× hydrolysis time+ 15× enzymatic mix+ 23× laccase+ 86× xylanase+ 19×VPcov − 12×MnPcov +ε 0.876 p < 0.0001

1 A: 48 h of hydrolysis with 10 U mL−1 CMCase of enzymatic hydrolysis mix; B: idem with 2.5 U mL−1 CMCase
of enzymatic hydrolysis mix; C: all hydrolysis times and both concentrations of enzymatic hydrolysis mix.
2 VPcov and MnPcov are categorical variables (presence/absence).

In model A, the effect of fungal enzymes detected in fermented CNS was evaluated
on the saccharification yield after 48 h hydrolysis in the presence of the highest dose of
enzymatic hydrolysis mix. Among all fungal enzymes, lignin peroxidase and avicelase
were excluded, since their very low values resulted in either p > 0.05, or very high estimated
regression parameters. When only fungal enzyme activities were used as explanatory
variables, (model A, Table 2), we can see that laccase and xylanase activities have positive
impacts on increasing CNS saccharification yield. Although laccase and xylanase are not
correlated (r = 0.0001), their correlation with saccharification is high for laccase (r = 0.975;
p < 0.0001) and moderate for xylanase (r = 0.47; p < 0.05). A similar effect of xylanase
activity on rice straw saccharification was previously reported by Tsujiyama and Ueno [39].
Furthermore, enhanced saccharification of various lignocellulosic substrates due to the
action of laccase, alone or in the presence of mediators, has been previously reported by sev-
eral authors [5,18,40,41]. Conversely, we did not detect positive correlations between both
enzymatic activities, peroxidases (VP and MnP) and CMCase, and the production of reduc-
ing sugars (Table 2; models A and B), which is in line with previous observations [39,42].
Furthermore, especially in the presence of high ligninolytic activities, lignin repolymer-
ization and condensation is more likely to occur [43,44] during pretreatment. Thus, the
access of cellulolytic enzymes to polysaccharides will be more difficult, which leads to the
observed negative correlations between saccharification and these enzymatic activities.

In model B, the effect of low concentration of enzymatic hydrolysis mix was incorpo-
rated, and substrate hydrolysis time was maintained at 48 h, as well as the same enzymatic
activities. Consistent with the previous model A, laccase and VP activities presented
(p < 0.0001) positive and negative contributions, respectively, to saccharification. Laccase
had a main contribution and it seems that VP represents a detrimental factor for CNS
saccharification. However, the factor “enzymatic hydrolysis mix” is strongly correlated
(r = 0.866; p < 0.0001) with reducing sugars yield. Model C, in addition to the effect of enzy-
matic mix concentrations, it also incorporates the effect of substrate hydrolysis time. When
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factor “CNS hydrolysis time” was taken into account to the reducing sugars production,
the effect of two lignocellulolytic activities in fungal fermentations (laccase and xylanase
activities) maintained the same behavior. In addition, expected results concerning to the
positive effects (p < 0.0001) of factors “enzymatic hydrolysis mix” and “CNS hydrolysis
time”, are in agreement with a previous work [45].

4. Conclusions

Agro-industrial peeling of fruits from Castanea sativa produces large amounts of CNS,
a recalcitrant and low-value waste. After solid-state fermentation by selected white-rot
fungi, this source of polysaccharides can be hydrolyzed into soluble sugars for further
fermentation into value-added compounds. In this work, the highest values of reducing
sugars production at 48 h hydrolysis occurred in samples fermented by Trametes strains
(around 253 mg g−1 pretreated CNS). Solid-state fermentation performed with both Trametes
strains allowed to generate significant increments (25% w/w) in the enzymatic hydrolysis
of the pretreated substrate. According to multiple linear regression analysis, our study
achieved a high consistency to the positive effects of some variables, namely laccase and
xylanase activities during pretreatment, which supports the assumption that they play a
key role to increase substrate hydrolysis and reducing sugars yield.
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35. Cajthaml, T.; Erbanová, P.; Kollmann, A.; Novotný, Č.; Šašek, V.; Mougin, C. Degradation of PAHs by ligninolytic enzymes of
Irpex lacteus. Folia Microbiol. 2008, 53, 289–294. [CrossRef]

36. Isroi, I.; Millati, R.; Syamsiah, S.; Niklasson, C.; Cahyanto, M.N.; Ludquist, K.; Taherzadeh, M.J. Biological pretreatment of
lignocelluloses with white-rot fungi and its applications: A review. BioResources 2011, 6, 5224–5259. [CrossRef]

37. Surendran, A.; Siddiqui, Y.; Saud, H.M.; Ali, N.S.; Manickam, S. Inhibition and kinetic studies of cellulose and hemicellulose
degrading enzymes of Ganoderma boninense by naturally occurring phenolic compounds. J. Appl. Microbiol. 2018, 124, 1544–1555.
[CrossRef]

http://doi.org/10.1007/s12649-017-0177-6
http://doi.org/10.3389/fchem.2018.00141
http://www.ncbi.nlm.nih.gov/pubmed/29755972
http://doi.org/10.1016/j.biotechadv.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22433674
http://doi.org/10.1016/j.rser.2019.01.048
http://doi.org/10.3389/fenrg.2018.00141
http://doi.org/10.3390/en11071797
http://doi.org/10.1016/j.biombioe.2008.04.016
http://doi.org/10.1016/j.biortech.2012.02.068
http://doi.org/10.1016/j.biortech.2010.02.110
http://doi.org/10.1007/s00284-014-0743-0
http://doi.org/10.1385/ABAB:112:3:173
http://doi.org/10.1021/ac60147a030
http://doi.org/10.1016/j.jfoodeng.2004.06.005
http://doi.org/10.1016/j.biortech.2009.04.036
http://www.ncbi.nlm.nih.gov/pubmed/19450975
http://doi.org/10.1016/j.jbiosc.2009.04.023
http://www.ncbi.nlm.nih.gov/pubmed/19804859
http://doi.org/10.1007/s10532-021-09936-z
http://doi.org/10.1016/j.biortech.2010.07.042
http://doi.org/10.1007/s00449-013-1045-9
http://doi.org/10.1016/0168-1656(90)90102-H
http://doi.org/10.1016/S0014-5793(98)00512-2
http://doi.org/10.1074/jbc.274.15.10324
http://www.ncbi.nlm.nih.gov/pubmed/10187820
http://doi.org/10.1016/j.jbiotec.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/23948257
http://doi.org/10.2174/2211550105666160330205138
http://doi.org/10.1007/s12223-008-0045-7
http://doi.org/10.15376/biores.6.4.Isroi
http://doi.org/10.1111/jam.13717


Int. J. Environ. Res. Public Health 2022, 19, 2572 10 of 10

38. Chatterjee, S.; Mohan, S.V. Fungal biorefinery for sustainable resource recovery from waste. Bioresour. Technol. 2022, 345, 126443.
[CrossRef]

39. Tsujiyama, S.-I.; Ueno, H. Performance of wood-rotting fungi-based enzymes on enzymic saccharification of rice straw.
J. Sci. Food Agric. 2013, 93, 2841–2848. [CrossRef]

40. Banerjee, R.; Chintagunta, A.D.; Ray, S. Laccase mediated delignification of pineapple leaf waste: An ecofriendly sustainable
attempt towards valorization. BMC Chem. 2019, 13, 58. [CrossRef]

41. Suman, S.K.; Malhotra, M.; Kurmi, A.K.; Narani, A.; Bhaskar, T.; Ghosh, S.; Jain, S.L. Jute sticks biomass delignification through
laccase-mediator system for enhanced saccharification and sustainable release of fermentable sugar. Chemosphere 2022, 286, 131687.
[CrossRef]

42. Salvachúa, D.; Prieto, A.; López-Abelairas, M.; Lu-Chau, T.; Martínez, A.T.; Martínez, M.J. Fungal pretreatment: An alternative in
second-generation ethanol from wheat straw. Bioresour. Technol. 2011, 102, 7500–7506. [CrossRef] [PubMed]

43. Chu, Q.L.; Tong, W.Y.; Wu, S.F.; Jin, Y.C.; Hu, J.G.; Song, K. Eco-friendly additives in acidic pretreatment to boost enzymatic
saccharification of hardwood for sustainable biorefinery applications. Green Chem. 2021, 23, 4074–4086. [CrossRef]

44. Cajnko, M.M.; Oblak, J.; Grilc, M.; Likozar, B. Enzymatic bioconversion process of lignin: Mechanisms, reactions and kinetics.
Bioresour. Technol. 2021, 340, 125655. [CrossRef] [PubMed]

45. Wilkinson, S.; Smart, K.A.; James, S.; Cook, D.J. Maximising high solid loading enzymatic saccharification yield from acid-
catalysed hydrothermally-pretreated brewers spent grain. Biofuel Res. J. 2016, 3, 417–429. [CrossRef]

http://doi.org/10.1016/j.biortech.2021.126443
http://doi.org/10.1002/jsfa.6118
http://doi.org/10.1186/s13065-019-0576-9
http://doi.org/10.1016/j.chemosphere.2021.131687
http://doi.org/10.1016/j.biortech.2011.05.027
http://www.ncbi.nlm.nih.gov/pubmed/21646018
http://doi.org/10.1039/D1GC00738F
http://doi.org/10.1016/j.biortech.2021.125655
http://www.ncbi.nlm.nih.gov/pubmed/34388661
http://doi.org/10.18331/BRJ2016.3.2.7

	Introduction 
	Materials and Methods 
	Pretreatment of Chestnut Shells by Fungal Solid-State Fermentation 
	Enzyme Assays and CNS Fiber Determination 
	Enzymatic Saccharification of Chestnut Shells 
	Data Processing and Statistical Analysis 

	Results and Discussion 
	Fungal Pretreatment of Chestnut Shells: Oxidative and Hydrolytic Activities 
	Saccharification of Pretreated Chestnut Shells 
	Relationship between CNS Saccharification and Explanatory Variables Using Multiple Linear Regression Analysis 

	Conclusions 
	References

