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Abstract: Olive mill solid waste (OMSW) is an agro-industrial waste that has a high content of recalci-
trant lignocellulose, which can adversely affect the environment. This study aimed to evaluate the phe-
nol and lignin removal and the enzyme activity involved in the biological pre-treatment of OMSW sup-
plemented with aquaculture sludge (AS) as an external nitrogen source by Anthracophyllum discolor.
The highest lignin removal and enzymatic activity performance was obtained in the mixture of
OMSW and AS prepared at a C/N ratio 45. In these conditions, the pre-treatment could remove
66% of lignin and 68% of phenols in the solid phase and 56% of phenols in the liquid phase and the
maximum activity of laccase, manganese peroxidase and manganese independent peroxidase were
of 10, 289 and 75 U L−1 in 25, 30, and 15 days of pre-treatment, respectively. These results propose
that the addition of AS as a co-substrate for adjusting the C/N ratio allows a 41 and 141% increase
in lignin removal and manganese peroxidase activity respectively, enabling the treatment of both
OMSW and AS wastes and the possible recovery of an enzymatic extract of biotechnological interest.

Keywords: olive mill solid waste; white-rot fungi; aquaculture sludge; extract enzymatic; biorefinery

1. Introduction

Resource recovery from agro-industrial wastes is considered a sustainable solution
for waste management as it reduces the environmental impact and cost of waste and
provides an alternative means of resource supply [1–3]. As a lignocellulosic waste generated
from the two-stage olive oil production, olive mill solid waste (OMSW) can have adverse
environmental impacts such as phytotoxicity in soils, toxicity to aquatic life, and offensive
odors [4,5]. Moreover, the high organic matter content of OMSW, like lignin (13 to 15%) [6]
and polyphenols (4.3 to 5.9 g L−1) [5], makes it possible to obtain value-added by-products
through the biorefining process, e.g., the biogas and biofertilizers from the anaerobic
digestion of its organic matter [2,7], and the bioactive polyphenols of interest to the food,
cosmetic and pharmaceutical industries [7,8].
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Commonly, the OMSWs lignocellulosic waste requires a physicochemical pre-treatment
to enhance the recovery of polyphenols, the detoxification of OMSW, and the generation of
by-products such as biogas and biofertilizers [5,6,8–10]. Nevertheless, such a physicochem-
ical pre-treatment involves high energy and environmental costs [2,11]. As an alternative
solution, the biological pre-treatment of OMSW using white-rot fungi (WRF) is considered
to be more environmentally and economically sustainable, which can generate enzymatic
extracts as value-added by-products of high biotechnological interest due to their versatility
in degrading many pollutants and xenobiotic compounds; for example, lignocellulosic
compounds, antibiotics, dyes, and polycyclic aromatic compounds [12–16].

The ability of WRF to remove lignin and polyphenols is due to the fact that fungal
mycelia can penetrate lignocellulosic materials and release polyphenols, which in turn can
induce the secondary metabolism of WRF by secreting nonspecific extracellular oxidases,
such as lignin peroxidase (LiP), laccase (Lac), manganese peroxidase (MnP) and manganese-
independent peroxidase (MniP) [1,17–19]. Therefore, the enzymatic process resulting from
the biological pre-treatment of OMSW has the potential to reduce the phenolic content of
OMSW and recover ligninolytic enzymes [20]. Obtaining ligninolytic enzymes from OMSW
depends on enzyme-induced variables such as correct adjustment of the C/N ratio [10].
Due to the low nitrogen content between 0.6 to 1.87%, OMSW has a high C/N ratio [21,22],
which was considered to be an ideal condition for inducing the high enzymatic activity of
Anthracophyllum discolor (A. discolor), a type of WRF [23], although the relevant mechanism
remains unclear. However, this statement is controversial and is not accepted as a general
rule for all WRFs [10,24,25], because the adjustment of the C/N ratio is found closely related
to the specific process of biological pre-treatment. For instance, Zerva et al. [10] achieved an
increase in the ligninolytic activity of Pleurotus citrinopileatus for the pre-treatment of liquid
waste from olive oil production using a WRF when they attempted to replace inorganic
nitrogen sources with nitrogen-enriched corn steep liquor.

In this sense, another waste with nitrogen-enriched and highly polluting characteristics
is Aquaculture sludge (AS) consisting of uneaten feed, fish feces, other metabolites, and
abundant biodegradable organic matters such as proteins and lipids [26,27]. It is estimated
that only 20–30% of the nitrogen is assimilated by fish [28], and the nitrogen content
of AS varies between 4.5 to 10% [28,29]. Thus, AS can be an ideal exogenous nitrogen
source to regulate essential nutrients and improve enzymatic productivity in the OMSW
pre-treatment.

As a research gap, the use of AS as a nitrogen source to modulate C/N ratios has not
been studied when pre-treating OMSW with WRFs. This study aims to evaluate the effect of
AS as a co-substrate in the pre-treatment of OMSW with A. discolor, improving its enzymatic
activity for a possible recovery of an enzymatic extract and allow the pre-treatment of both
OMSW and AS wastes. The study proposes a novel alternative for the valorization of two
wastes that are not currently used and integrated as co-substrates in biorefinery processes.

2. Materials and Methods
2.1. Olive Mill Solid Waste and Aquaculture Sludge

The two-phase OMSW in this study was collected from the extra virgin olive oil pro-
ducer “Olivares de Quepú”, Talca, Chile. The processed olives belonged to the Arbequina
variety. The AS was provided by “Hendrix Genetic”, Curarrehue, Chile. AS is produced
during the aquaculture stage of spawning and small-scale reproduction.

Both the raw wastes before pre-treatment were stored at −20 ◦C. The OMSW and AS
characterization parameters include: pH, chemical oxygen demand (COD), total solids
(TS), volatile solids (VS), total nitrogen (TN), total organic carbon (TOC) and were all
measured according to standard methods [30]. Elemental analysis was performed for total
carbon and nitrogen content using Perkin Elmer EA2400 Series II instrument to determine
the C/N ratios of OMSW and AS. The centrifugation allowed the separation of a solid
and liquid phase in the biological pre-treatment of OMSW and AS where total soluble
phenols (TSP) were quantified using the Folin–Ciocalteu method, expressed as mg gallic
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acid (GA) L−1 [8]. The solid phase extraction was performed using 5 g of sample in 10 mL
of methanol/water (80:20 v/v). The mixture was stirred on a vortex for 30 s and heated
to 70 ◦C for 1 h. The samples were centrifuged at 5000 rpm for 10 min and filtered by a
0.22 µm pore size PVDF membrane (Merck). The liquid phase was centrifuged and filtered
under the same conditions. Additionally, the lignin content of the biological pre-treatment
was measured using the Klason lignin method (TAPPI T 222 om-02) [31].

2.2. Fungal Strain and Inoculum Preparation

The fungi strain Anthracophyllum discolor that was used for this study was collected
from the culture collection of the Center of Excellence in Biotechnological Research Applied
to the Environment (CIBAMA) at the Universidad de La Frontera, Chile.

A. discolor was isolated from decaying wood in the rainforests of southern Chile. The
culture was cultivated in Petri dishes (94 × 16 mm) at 25 ◦C for 7 days in a medium
consisting of 39 g L−1 Potato Dextrose Agar (PDA) sterilized at 121 ◦C for 20 min [20].

Six plugs (6 mm diameter) of A. discolor active mycelia from seven days cultures
on PDA medium were inoculated in 100 mL of modified Kirk’s medium in a 1 L
Erlenmeyer flask containing: glucose (10 g L−1), peptone (2 g L−1), KH2PO4 (2 g L−1),
MgSO4 (0.5 g L−1), CaCl2 (0.1 g L−1) and mineral salts solution (10 mL L−1) of KH2PO4
(2 g L−1), MgSO4·7H2O (0.5 g L−1), CaCl2·2H2O (0.1 g L−1), MnSO4·5H2O (50 mg L−1),
NaCl (10 mg L−1), FeSO4·7H2O (1 mg L−1), CoCl2·6H2O (1 mg L−1), ZnSO4·7H2O
(1 mg L−1), CuSO4·5H2O (0.1 mg L−1), AlK(SO4)2 (0.1 mg L−1), H3BO3 (0.1 mg L−1),
and NaMoO4·2H2O (0.1 mg L−1). The culture medium was adjusted to pH 5.5 [17]. The
growth was carried out for an additional 7 days under static conditions at 25 ◦C. The
mycelia were separated from the liquid medium using filtration and homogenized with
200 mL of sterile distilled water in a blender to obtain the A. discolor inoculum [32].

2.3. Assessment of Aquaculture Sludge Effect
2.3.1. Pre-Treatment Olive Mill Solid Waste and Aquaculture Sludge at Different C/N Ratio

Pre-treatments ware performed under sterile and static conditions in 250 mL Erlen-
meyer flasks covered with hydrophobic cotton. OMSW and AS were sterilized at 121 ◦C
for 20 min. The flasks were inoculated by adding 0.5 mL blended inoculum per dry gram
of OMSW and incubated at 25 ◦C for 30 days of pre-treatment [32]. All assays were carried
out at the same time and the control corresponded to OMSW pre-treatment with A. discolor.

Five different C/N ratios were selected for the pre-treatments (Table 1). The C/N
ratios of 58 and 7 correspond to the pre-treatment of OMSW and AS, respectively (Table 1).
The C/N ratios of 45, 32 and 19 correspond to different configurations of OMSW and AS
mixtures. The pre-treatments are composed of a fixed volume of AS or water (75 mL) and
the necessary amount of OMSW on a dry basis to adjust the selected C/N ratio.

Table 1. Mixture conditions for the pre-treatment of Olive mill solid waste and Aquaculture sludge.

Pre-Treatment
(C/N Ratio/Substrate)

Dry Basis Mass
OMSW (g) Volume AS (mL) Volume H2O (mL) Pre-Treatment TS

(g L−1)

C/N-58 OMSW 5.2 0 75 69
C/N-45 OMSW/AS 12.2 75 0 171
C/N-32 OMSW/AS 5.0 75 0 75
C/N-19 OMSW/AS 1.8 75 0 32
C/N-7 AS 0 75 0 8

The TSP content in the solid and liquid phase was measured at the beginning and at
the end of each pre-treatment. Lignin content was measured at the two best TSP yields and
the activity of LiP, Lac, MnP and MniP was monitored every 5 days.
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2.3.2. MnP Activity Assessment in Pre-Treatment at the Same TS Concentration

It has been reported that increasing the concentration of solids during fungi pre-
treatment may promote fungi enzymatic activity [33,34]. To study the effect of TS concentra-
tion on the pre-treatment, C/N mixtures of 45, 32 and 19 were prepared with three different
TS concentration, i.e., 171, 75 and 32 g TS L−1 (Table 2). Controls were prepared for each
pre-treatment by replacing the volume of added AS with water, and OMSW maintaining
the TS concentration (Table 2).

Table 2. Mixture conditions for pre-treatment of Olive mill solid waste and Aquaculture sludge at
the same TS concentration.

Pre-Treatment
(C/N Ratio/Substrate)

Dry Basis Mass
OMSW (g) Volume AS (mL) Volume H2O (mL) Pre-Treatment TS

(g L−1)

C/N-45 OMSW/AS 12.2 75 0 171
C/N-58 OMSW a 12.8 0 75 171
C/N-32 OMSW/AS 5.0 75 0 75
C/N-58 OMSW b 5.6 0 75 75
C/N-19 OMSW/AS 1.8 75 0 32
C/N-58 OMSW c 2.4 0 75 32

(a, b, c) control pre-treatment without AS; (a) 171, (b) 75 and (c) 32 g L−1.

The pre-treatments were carried out under the same operating conditions as in
Section 2.3.1.

Due to its biotechnological interest, only MnP was evaluated. The enzymatic activity
of MnP produced with A. discolor was evaluated at three control times: 15, 25 and 30 days
of pre-treatment.

2.4. Enzyme Activity Assessment

Enzyme activity was measured in the liquid phase using a UV-VIS spectrophotometer
(Thermo Scientific GenesysTM 10S) at 30 ◦C, after centrifugation of each biological pre-
treatment at 5000 rpm for 10 min [17,35]. LiP activity was monitored every 10 seconds for
2 minutes at 310 nm (Molar extinction coefficient used 9300 M cm−1 [23]. Lac, MnP and
MniP activities ware monitored every 10 s for 1 minute at 468 nm (The molar extinction
coefficient was 49,600 M cm−1 [35].

LiP activity was determined by the oxidation of veratryl alcohol to veratraldehyde.
The reaction mixture contained 710 µL disodium tartrate dihydrate (0.1 mM, pH 3.0),
200 µL veratryl alcohol (2 mM) and 50 µL sample. The reaction was initiated by adding
100 µL H2O2 (10 mM). Lac activity was determined by the oxidation of 2,6-dimethoxyphenol
(DMP). The reaction mixture contained 200 µL sodium malonate (pH 4.5, 250 mM), 50 µL
2,6- DMP, 50 µL sample, and 550 µL distilled water. MnP activity was monitored by the
oxidation of 2,6- DMP. The reaction mixture contained 200 µL of sodium malonate (pH 4.5,
250 mM), 50 µL of 2,6-DMP (20 mM), 50 µL of MnSO4-H2O (20 mM), 550 µL of distilled
water and 50 µL of sample. The reaction was initiated by adding 100 µL of H2O2 (4 mM).
MniP activity was determined in a reaction mixture containing 200 µL sodium malonate
(pH 4.5, 250 mM), 50 µL 2,6-DMP (20 mM), 100 µL EDTA (20 mM), 500 µL distilled water
and 50 µL sample. The reaction was initiated by adding 100 µL of H2O2 (4 mM). MnP
and MniP were corrected for laccase activity [35]. The unit of enzyme activity was defined
as the amount of enzyme required to produce 1 µmol of oxidized product per minute,
expressed as U L−1 [12].

An analysis of variance (ANOVA) was performed to determine if the values obtained
for enzyme activity of the different pre-treatments were significantly different. In all cases, a
significance level (α) of 0.05 was considered. All pre-treatments were carried out in triplicate.
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3. Results and Discussion
3.1. Characterization of Olive Mill Solid Waste and Aquaculture Sludge

Table 3 details the results obtained from the OMSW and AS characterization, obtaining
0.84% nitrogen and a C/N ratio of 58 for OMSW. The nitrogen content was within the
reported range, which varies from 0.56 to 1%, and the C/N ratio was higher than that
reported for OMSW, which varies from 36.56 and 52 [2,21]. The low nitrogen content may
limit the enzymatic activity of A. discolor, hindering the growth and differential regulation
of ligninolytic gene expression [10]. The TSP content was 1.49 g GA per kg−1 OMSW, which
is lower than 9.33 g of polyphenols per Kg−1 of OMSW reported by Al-Mallahi et al. [6].
The lignin content of OMSW reported by Miranda et al. [31] was 31.2%, which is close
to the 33.4% lignin content obtained in this study. Additionally, the OMSW contained
61.5% water and 38.5% total solids, which makes it highly viscous, limiting the liquid phase
used to recover ligninolytic enzymes. In this sense, Benavides et al. [20] used water to
recover ligninolytic enzymes and concluded that it is necessary to use other liquid sources
to recover enzymes in the pre-treatment of OMSW with A. discolor. Thus, the addition of
AS should have high nitrogen content and high water content to generate a liquid phase
for recovery of enzyme extracts.

Table 3. Olive mill solid waste and Aquaculture sludge characterization.

Substrate C/N
% w/w

TS
% w/w

VS
% w/w

TOC
% w/w

COD
mg L−1

TN
mg Kg−1 pH TSP

g GA Kg−1
Lignin
% w/w

OMSW 48.4/0.84 38.5 34.5 29.2 87,867 282.9 5.10 1.49 33.4
AS 53.4/7.92 0.8 0.7 200 mg L−1 15,491 897.5 mg L−1 5.11 nd nd

OMSW: Olive mill solid waste; AS: Aquaculture sludge; C/N: carbon/nitrogen ratio; TS: total solids; VS: volatile
solids; TOC: total organic carbon; COD: chemical oxygen demand; TN: total nitrogen; TSP: total soluble phenols;
nd: not determined.

The nitrogen content of AS was 7.92%, which was higher than the equivalent 4.5%
nitrogen content reported by Khiari et al. [29]. The nitrogen content of AS was more than
9.4 times that of OMSW, making AS exhibit good C/N ratio regulation performance in the
pre-treatment of OMSW with A. discolor. Furthermore, the C/N ratio for AS was quantified
at approximately 7. Tortella et al. [23] reported that A. discolor shows better performance in
limited nitrogen media. However, few previous studies have indicated an optimal C/N
ratio for A. discolor. Instead, the reports focused only on specifying low nitrogen levels to
enhance the enzymatic activity of A. discolor, rather than a clear minimum or maximum
nitrogen content. Additionally, AS has a high water content (99.2%) and a low total solids
content (0.8%). Such conditions allow for the creation of a liquid phase in the OMSW
pre-treatment, which would facilitate the recovery of ligninolytic enzymes without adding
external water to the process. In addition, OMSW and AS presented a pH on the order
of 5.1 units, which provides a suitable environment for the enzymatic activity produced
with A. discolor, as reported by Bustamante et al. [35], who obtained the highest enzymatic
activity at pH 5.5.

3.2. Assessment of Aquaculture Sludge Effect
3.2.1. Assessment of Total Soluble Phenol and Lignin Removal

Figure 1a shows the TSP concentrations in the solid and liquid phase of each pretreat-
ment at days 0 and 30. The solid phase experienced a decreasing removal efficiency of TSP
as the C/N ratio decreased, showing a TSP reduction of 81, 68, 62, and 27% for 58, 45, 32
and 19 C/N ratio, respectively. The same effect occurred in the liquid phase of the pre-
treatments, where removals of 80, 56, 43, and 35% of TSP were recorded for 58, 45, 32 and
19 C/N ratio, respectively. Figure 1b shows the lignin removal of the two best TSP re-
movals in the solid phase (C/N 58 and 45), showing a 25% reduction for the pre-treatment
without AS addition (C/N 58) and a 66% reduction for the pre-treatment with AS ad-
dition (C/N 45). These results indicate that the addition of AS as a co-substrate to the
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pre-treatment of OMSW with A. discolor could improve lignin removal, but not phenol
reduction. However, the decrease in TSP removal efficiency would be explained by the high
concentration of phenols in the medium, a product of lignin depolymerization that can pro-
duce phenolic derivatives [36]. Therefore, in future work, we would recommend studying
the evolution of the phenols profile during the pre-treatment, in order to understand the
effect of lignin degradation on TSP removal.
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Figure 1. Total soluble phenols in the solid and liquid phase (a) of the pre-treatments at initial time
and 30 days and lignin removal (b) at the same times.

The results obtained from TSP removal are close to those reported by Benavides
et al. [20], who with A. discolor achieved 90% TSP removal in OMSW. Other WRF species
such as Coriolopsis rigida, Pycnoporus cinnabarinus, Pleurotus citrinopileatus, Irpex lacteus,
Phanerochaete chrysosporium, Lentinellus castoreus, Phlebia radiata and Hericium erinaceus have
reported removals between 47 to 95% TSP in solid and liquid olive wastes [10,14,18,22,37].
Therefore, pre-treatment with A. discolor is viable and registers good results in TSP and
lignin removal.

3.2.2. Enzyme Activity Assessment

Enzymatic activities of MnP (Figure 2a) and MniP (Figure 2b) were higher than
those for Lac and LiP among all the pre-treatment scenarios (Figure S1). LiP activity in
the pre-treatments did not exceed 3.3 U L−1. The low LiP activity may be due to the
high production of MnP, since it has been reported that A. discolor is characterized by
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high MnP production [12] and the presence of MnP can reduce the oxygen stress of the
cells and inhibit LiP production [19]. Moreover, Lac activity did not exceed 10 U L−1 in
all pre-treatments, which is consistent with reports in the literature that Lac activity of
A. discolor can vary between 3.9 to 36.8 U L−1 [20,23,35]. Figure 2a,b shows that MnP
and MniP activity with A. discolor was strongly influenced by the C/N ratio as a C/N
ratio of 32 reached a maximum production of 192 and 17 U L−1 for MnP and MniP, respec-
tively, and a C/N ratio of 19 reached a maximum production of just 5 U L−1 and undetected
for MnP and MniP, respectively. The highest MnP and MniP activity was measured at
a C/N ratio of 45, reaching a maximum activity in 30 and 15 days of 289 and 75 U L−1,
respectively. The C/N ratio of 58, without AS addition, needed 30 days to reach a MnP and
MniP activity of 120 and 21 U L−1, respectively. These results indicate that the adjustment
of the C/N ratio, adding AS as co-substrate, is a key factor for improving the enzymatic
activity of A. discolor and, at the same time, improving the phenolic compound removal.
In particular, when the C/N ratio was 45, the production of MnP and MniP improved by
141% and 250% compared with the control, respectively. Reports have indicated that MnP
exhibits a higher redox potential than laccase [19]. Therefore, the increased MnP activity
could be explained by higher lignin removal at the same C/N ratio of 45 (Figure 1b).
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Figure 2. Time evolution of enzyme activity; manganese peroxidase (a) and manganese independent
peroxidase (b), in the pre-treatment of OMSW and AS with A. discolor at different C/N ratios.
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Thus, despite the low production of LiP and Lac, the production of MnP and MniP
with A. discolor was sufficient to degrade a high percentage of phenolic compounds and
lignin from OMSW (Figure 1a,b). On the other hand, the high production of MnP and MniP
allows the recovery of these enzymes as value-added products for other biotechnological
applications, such as enzyme immobilization in nanocomposites [15,16], lignin removal
from other lignocellulosic residues [1,19,38], or bioremediation [12,23,39]. In addition,
A. discolor is a native species isolated from southern Chile [23]. These characteristics would
allow the development of local OMSW pre-treatments and enzyme recovery without
introducing foreign species [20].

The TS concentration can also impact the time when the MnP achieves maximum.
For the TS concentrations of 8 (C/N-7 AS), 32 (C/N-19 OMSW/AS), 69 (C/N-58 OMSW),
75 (C/N-32 OMSW/AS), and 171 g L−1 (C/N-45 OMSW/AS), the MnP activity peak times
were 15, 10, 20, 20, 30 days, respectively (Figure 2a). Within this study scope, MnP activity
required more time to reach maximum as the TS concentration increased. There is a need
to balance the pre-treatment performance and required time in a future study.

These results indicate that the adjustment of the C/N ratio by adding AS as co-
substrate is a key factor in improving the enzymatic activity of A. discolor and at the same
time improving the phenolic compound removal (Table S1).

3.2.3. Assessment of MnP Activity at Same TS Concentration

Figure 3 shows the AS supplementation effect on OMSW pre-treatment with A. discolor,
particularly on MnP activity for three TS concentrations of 171 (Figure 3a), 75 (Figure 3b)
and 32 g L−1 (Figure 3c). It has been reported that increasing TS concentration in WRF-
pretreated OMSW could cause enhancement of MnP activity [33,34] and is not the effect
of C/N ratio. Nevertheless, Figure 3a shows that with a constant TS concentration of
171 g L−1 and varying the C/N ratio with the addition of AS, it is possible to obtain a
maximum MnP activity in A. discolor of 250 U L−1 using a C/N ratio of 45, with AS addition,
and only 60 U L−1 using a C/N ratio of 58, without AS addition. In contrast, decreasing
the TS concentration to 71 g L−1, the MnP activity using a C/N ratio of 58, without
AS addition, is similar to a C/N ratio of 32, with AS addition, reaching 100 U L−1 and
120 U L−1, respectively (Figure 3b). Figure 3c shows 230 U L−1 of MnP activity using a
TS concentration of 32 g L−1 at C/N of 19, with AS addition, while without AS addition
the MnP activity was only 9 U L−1. These results indicate a considerable decrease in MnP
activity with respect to the pre-treatments using 171 g L−1 with AS addition. Demonstrating
that the addition of AS in the pre-treatment of OMSW with A. discolor, using a constant
TS concentration of 171 g L−1 and a C/N ratio of 45 or a TS concentration of 32 g L−1 at
C/N 19, it is possible to obtain similar MnP activities. The use of AS as co-substrate with
adequate C/N ratio and TS concentration has a positive effect on MnP activity with A.
discolor. To optimize OMSW pre-treatment with A. discolor the interaction of C/N ratio and
TS concentration should be evaluated.

It is worth noting that most studies have been conducted primarily on the liquid waste
from olive oil production, or olive mill wastewater (OMWW) [10,14,21,40], and rarely on
the olive mill solid waste (OMSW) [18,33]. In this regard, Lourenço et al. [33] reached a
maximum MnP activity of 139 U L−1 for Trametes versicolor in OMSW, which is half of that
obtained in this study, while Zerva et al. [10] reached an MnP activity of 304 U L−1 for
Pleurotus citrinopileatus LGAM 28,684 in OMWW with external nitrogen added, which is
close to the result of this study. Therefore, the results obtained for A. discolor in this study
are comparable with those for the application of liquid OMWW and superior to those for
the application of solid OMSW. The addition of AS as a co-substrate could be a viable
alternative to improve the enzymatic activity of A. discolor in the OMSW pre-treatment,
resulting in an integrated biorefinery process for both wastes.



Agronomy 2023, 13, 724 9 of 12

Agronomy 2023, 13, x FOR PEER REVIEW 9 of 12 
 

 

substrate with adequate C/N ratio and TS concentration has a positive effect on MnP 
activity with A. discolor. To optimize OMSW pre-treatment with A. discolor the interaction 
of C/N ratio and TS concentration should be evaluated. 

(a) 

 
(b) 

 
(c) 

 
Figure 3. Comparison of manganese peroxidase activity at three control points (15, 25 and 30 days) for 
the OMSW/AS and OMSW/water mixtures at same concentrations; 171 (a), 75 (b) and 32 g TS L−1 (c). 

It is worth noting that most studies have been conducted primarily on the liquid 
waste from olive oil production, or olive mill wastewater (OMWW) [10,14,21,40], and 
rarely on the olive mill solid waste (OMSW) [18,33]. In this regard, Lourenço et al. [33] 

0
50

100
150
200
250
300
350

15 25 30

M
an

ga
ne

se
 p

er
ox

id
as

e 
(U

 L
-1

)

Time (day)

C/N−45 OMSW/AS
C/N−58 OMSW/H2O

0
50

100
150
200
250
300
350

15 25 30M
an

ga
ne

se
 p

er
ox

id
as

e 
(U

 L
-1

)

Time (day)

C/N−32 OMSW/AS
C/N−58 OMSW/H2O

0
50

100
150
200
250
300
350

15 25 30M
an

ga
ne

se
 p

er
ox

id
as

e 
(U

 L
-1

)

Time (day)

C/N−19 OMSW/AS
C/N−58 OMSW/H2O
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Finally, the results of this study show that the adjustment of the C/N ratio and the
concentration of TS are relevant parameters to improve the enzymatic activity of A. discolor.
The enhanced enzymatic activity in this study yielded enzymes with added value such as
MnP and also improved lignin removal from OMSW, evidencing that the application of AS
as an external source of nitrogen has a positive effect. This research presents an opportunity
to improve the sustainable development of olive oil production, incorporating another type
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of waste into the OMSW management, with the possibility of obtaining value-added value
products during the pre-treatment (Table S2).

4. Conclusions

Using AS as co-substrate to adjust the C/N ratio and TS concentration in the pre-
treatment of OMSW with A. discolor had a positive effect on the improvement of MnP
and MniP activity by 141 and 250%, respectively, compared to the control. The enhanced
enzymatic activity improved lignin removal by up to 66%. In a biorefinery approach,
the present research shows that, additional to the potential to produce both biogas and
fertilizers from OMSW, the pre-treatment could also allow the recovery of MnP-enriched
enzymatic extracts. This value-added product can be used in a variety of biotechnological
applications. Despite the results, there is a need to understand the synergic and individual
effects of the enzymes in biocatalytic processes, as well as to evaluate new alternatives to
avoid sterilization, and thus make the biorefining process more efficient.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13030724/s1, Figure S1: Enzymatic activities of Lac (a)
and LiP (b) among all the pre-treatment; Table S1: Enzymatic Activity; Table S2: MnP activity.
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