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Abstract: This study aims to optimize the bioconversion of palm kernel cake (PKC) by
Pleurotus ostreatus to improve fungal biomass production, lignocellulolytic enzyme ex-
pression, and the nutritional value of the substrate as ruminant feed. Three inorganic
nitrogen sources (ammonium sulfate, ammonium nitrate, and urea) were evaluated for
fungal biomass production using a central composite design (CCD) in liquid fermentations.
The formulated culture medium (18.72 g/L glucose and 0.39 g/L urea) effectively yielded
better fungal biomass production (8 g/L). Based on these results, an extreme vertex design,
mixtures with oil palm by-products (PK, hull, and fiber) supplemented with urea, were for-
mulated, finding that PKC stimulated the highest biomass production and laccase enzyme
activity in P. ostreatus. The transcriptome of P. ostreatus was obtained, and the chemical
composition of the fermented PKC was determined. Transcriptomic analysis revealed
the frequency of five key domains with carbohydrate-activated enzyme (CAZy) function:
GH3, GH18, CBM1, AA1, and AA5, with activities on lignocellulose. In the fermented
PKC, lignin was reduced by 46.9%, and protein was increased by 69.8%. In conclusion,
these results show that urea is efficient in the bioconversion of PKC with P. ostreatus as a
supplement for ruminants.

Keywords: white-rot fungi; value-added products; gene expression patterns; lignocellulolytic
enzymes; optimization experimental design

1. Introduction

Bioconversion of oil palm lignocellulose biomass by Pleurotus ostreatus for ruminant
feeding purposes involves optimizing fermentation conditions, particularly the carbon and
nitrogen availability in the substrate [1]. These conditions directly influence the production
and activity of enzymes responsible for degrading anti-nutritional compounds and releas-
ing valuable components for animal nutrition [2]. A study suggested that the regulation of
enzyme synthesis in white-rot fungi (WRF) depends on the supply of nitrogen sources in
the culture medium, particularly in fermentative processes of lignocellulolytic substrates [3].
Palm kernel cake (PKC) is a high-fiber, medium-grade protein feed with a lignin content
between 14-20%, holocellulose of 60%, and crude protein ~20%, representing a C:N ratio
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of 20:1 approximately [4-7]. These concentrations suggest that fungal growth could be
favored by the amount of protein contained in the PKC rather than in other residues; thus,
this by-product seems sulfficient as the only C and N source for its bioconversion into fungal
biomass. However, experience shows that not supplying an external nitrogen source to the
fermentation process with P. ostreatus would mean considerable decreases in crude protein
in the by-products. This is possibly because P. ostreatus synthesizes proteases [8], which
can hydrolyze the protein nitrogen reserves in the residues, and this is undesirable if they
are to be used as animal feed. Therefore, the expression of genetic profiles in P. ostreatus
is a function of the chemical composition of the growth medium, particularly the C:N
ratio, which is a key factor that affects the quality of the final product used in animal nutri-
tion programs [9,10]. This highlights the importance of supplementing the medium with
nitrogenous nutrients for optimal fungal growth and colonization. Nitrogen metabolite
repression (NMR) in filamentous fungi—a regulatory system that controls the expression
of enzymes needed to utilize various secondary nitrogen sources—is specifically activated
under nitrogen-sufficient conditions, especially when ammonium (NH;) or L-glutamine
are present as the nitrogen source [11,12]. Supplementation with nitrogen-rich sources
has been shown to enhance the production of lignolytic enzymes and fungal biomass in P.
ostreatus [13].

The CAZy database (www.cazy.org), supported by results from omics studies, pro-
vides information on two categories of WRF-expressed proteins involved in lignocellulose
degradation—first, associated modules, and second, catalytic modules. The first cate-
gory corresponds to carbohydrate-binding modules (CBMs); the second is composed of
five enzyme subgroups that have been reported: glycoside hydrolases (GH), glycosyl-
transferases (GT), polysaccharide lyases (PL), carbohydrate esterases (CE), and auxiliary
activities (AA) [14]. CBM, GH, GT, PL, and CE are involved in the hydrolysis of carbo-
hydrates such as cellulose and hemicellulose. The AA group includes lignin-modifying
enzymes (LME) and lytic polysaccharide monooxygenases (LPMO) that depolymerize
lignin. This last group is the most frequent CAZy found in P. ostreatus [15], mainly because
this fungus selectively degrades lignin, with a minor effect on cellulose and hemicellulose
under nitrogen-sufficient conditions [16,17]. Under these considerations, it is important to
identify favorable carbon and nitrogen concentrations in the medium that favor biomass
production and lignolytic enzymatic synthesis in P. ostreatus, improving the fermentation
of lignocellulosic materials.

Statistical designs of experiments, in particular the central composite and the extreme
vertex mixture design, have been consolidated as effective approaches to improve the
interpretation of how interactions between nutritional factors regulate growth and enzyme
production in P. ostreatus [13], as well as to reduce process times and costs [18]. In this study,
an central composite design (CCD) and extreme vertex were used to optimize the culture
medium C:N ratio with different sources of inorganic nitrogen that enhances mycelial
development, and the expression of enzyme genes related to carbohydrate metabolism
(lignocellulose) by P. ostreatus, improving the fermentation process and generating added
value to oil palm by-products.

2. Materials and Methods
2.1. Optimization of Biomass Production Using a Central Composite Design (CCD)

A commercial strain of P. ostreatus (genetically compatible with P. ostreatus PC15_PC15)
maintained on malt extract agar at 4 °C was used. The inoculum consisted of 4-mm
diameter agar discs from the peripheral growth area of the fungus incubated at 25 °C for
eight days on malt extract agar; one agar disc with mycelium was used to inoculate 20 mL
of liquid culture medium. The concentrations of glucose and inorganic nitrogen sources
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(ammonium sulfate, ammonium nitrate, and urea) were defined according to a two-factor
two-level composite central design (CCD). Here, the factors to be evaluated corresponded
to the glucose concentration and the concentration of the inorganic nitrogen source at the
high and low levels (Table 1). Thirteen culture media formulations were obtained (Table 2)
after defining the high and low levels of the factors in the CCD. The CCD allows estimation
of the curvature of a response surface for a specific variable and calculation of the terms of
a first or second-order model.

Table 1. Factors and levels of the central composite design 2.

Factor Low Level High Level
[g/L] Glucose -1 1
[g/L] Inorganic Nitrogen -1 1

Submerged culture fermentations (SmF) of 100 mL of culture medium were carried out
in 250 mL flasks at 25 °C £ 2 °C and 150 rpm for 13 days [19]. Ammonium sulfate ((NHy),
504), ammonium nitrate (NH4NO3), and urea (CH4N,O) were used as sources of inorganic
nitrogen. Glucose and 0.4 g/L~! of yeast extract were used as the basal ingredients of
the medium to achieve different carbon-to-nitrogen (C:N) ratios under the experimental
conditions (Table 2). All SmF cultures were inoculated with five 4-mm diameter discs taken
from the growth zone of eight-day-old cultures of P. ostreatus.

Table 2. Calculated concentrations of glucose and inorganic nitrogen for a CCD 2k,

. Glucose Inorganic Yeast . .
Medium [g/L-1] Nitrogen [g/L—1] Extract [g/L—1] C:N Ratio
GASYE1 13 0.1 0.4 5:1
GASYE2 3.7 0.1 0.4 81:1
GASYE3 1.3 0.5 0.4 6:1
GASYE4 3.7 0.5 0.4 16:1
GASYE5 0.8 0.3 0.4 6:1
GASYE6 42 0.3 0.4 31:1
GASYE?7 2.5 0.02 0.4 3211
GASYES 2.5 0.6 0.4 9:1
GASYE9 2.5 0.3 0.4 18:1

GASYE10 25 0.3 0.4 18:1
GASYE11 25 0.3 0.4 18:1
GASYE12 2.5 0.3 0.4 18:1
GASYE13 2.5 0.3 0.4 18:1
GANYE1 12.5 1.5 0.4 4:1
GANYE2 37.5 1.5 0.4 11:1
GANYE3 12.5 5.5 0.4 1:1
GANYE4 37.5 5.5 0.4 3:1
GANYES 7.3 3.5 0.4 1:1
GANYE6 427 3.5 0.4 5:1
GANYE?7 25 0.67 0.4 17:1
GANYES 25 6.32 0.4 2:1
GANYE9 25 3.5 0.4 3:1
GANYE10 25 3.5 0.4 31
GANYE11 25 3.5 0.4 31
GANYE12 25 3.5 0.4 3:1

GANYEI13 25 3.5 0.4 3:1
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Table 2. Cont.

. Glucose Inorganic Yeast .
Medium [g/L—1] Nitrogelrgl [g/L—1] Extract [g/L—1] C:N Ratio
GUYE1 125 0.5 0.4 18:1
GUYE2 25 0.5 0.4 36:1
GUYE3 125 1 04 9:1
GUYE4 25 1 04 18:1
GUYE5 9.9 0.8 0.4 9.4:1
GUYE6 27.6 0.8 0.4 26.3:1
GUYE?7 18.8 04 0.4 34:1
GUYES 18.8 1.1 0.4 12.2:1
GUYE9 18.8 0.8 0.4 18:1
GUYE10 18.8 0.8 0.4 18:1
GUYE11 18.8 0.8 04 18:1
GUYE12 18.8 0.8 0.4 18:1
GUYE13 18.8 0.8 0.4 18:1

GASYE: glucose + ammonium sulfate + yeast extract; GANYE: glucose + ammonium nitrate + yeast extract;
GUYE: glucose + urea + yeast extract.

The elemental composition analysis of the yeast extract used in this study showed an
estimated C:N ratio of 4:1; while for urea, the C:N ratio was 0.43:1.

The biomass was measured gravimetrically. For this purpose, the known culture
volume was filtered through filter paper (dried and weighed previously). The filter with
the retained material was dried at 70 °C for 24 h [20].

2.2. Extreme Vertex Design for Biomass Production in Solid Fermentation Using Oil Palm
By-Product Blends

The solid-state fermentation (SSF) systems design was carried out using an experimen-
tal extreme vertex mixing design. The C:N ratio of each formulation was adjusted based
on the composition that yielded the highest fungal biomass production under SmF, using
urea as the selected inorganic nitrogen source. The mixtures were adjusted to 60% moisture
content and an initial pH of 5.5, followed by sterilization at 121 °C and 120 kPa for 15 min.
After sterilization, the substrate was aseptically inoculated at a rate of 4% (dry matter
basis) using 4-mm diameter pellets of Pleurotus ostreatus and incubated at 30 °C for 13 days
under dark conditions [21]. To facilitate aerobic metabolism during the incubation, the bags
were sealed with a semi-permeable adhesive membrane that allowed gas exchange. Upon
completion of the incubation period, the fermented material was dried at 50 °C for 48 h.
The components of the mixtures were palm kernel, fiber and hulls, and urea. The amounts
established for the blends are shown in Table 3.

Table 3. By-product amounts in the extreme vertex design.

Order Block  Palm Kernel Cake (g)  Fiber (g) Palm Kernel Shells (g)

1 1 40 0 0

2 1 0 40 0

3 1 0 0 40
4 1 20 20 0

5 1 20 0 20
6 1 0 20 20
7 1 13.33 13.33 13.33
8 1 27 6.5 6.5
9 1 6.5 27 6.5
10 1 6.5 6.5 27
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The elemental composition in terms of the C:N ratio of palm kernel cake, fiber, and
palm kernel shells was 18:1, 52:1, and 86:1, respectively.

Since, in solid-state fermentation, the fungal biomass of the fungus grows attached
to the lignocellulose biomass, the fungal biomass was measured indirectly by quantifying
the amount of N-acetyl-D-glucosamine (NAGA), which is a precursor of chitin, a major
component of the fungal cell wall [22].

Determination of Laccase Enzyme Activity

The evaluation of laccase activity was carried out following the methodology of Zhou
et al. [23]. For this, 1 g of the fermented residue was suspended in 9 mL of distilled water
and incubated at 200 rpm for 10 min. Subsequently, the suspension was centrifuged at
4000 rpm for 15 min. Next, 5 uL of the supernatant was taken and mixed with 1 mL of a
1:100 solution of 2,2"-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) in sodium
citrate buffer (pH 4). Finally, absorbance was measured at 436 nm using a spectrophotome-
ter, as reported by Durdn-Sequeda et al. [19].

2.3. Transcriptome Analysis

For transcriptomic analysis, the fungus was grown on the optimized medium, enriched
with palm kernel cake at 20 g/L. The media were incubated for 8 days at 28 °C and 200 rpm.
At the end of the incubation time, the fungal biomass was separated from the culture
medium by filtration on sterile 0.45 um cellulose paper. 100 ng of biomass was sprayed with
liquid nitrogen and immediately suspended in Trizol TM Reagent for RNA extraction. Total
RNA extraction was performed following the standard RNA extraction protocol described
by the manufacturer (Trizol TM Reagent, Invitrogen, Waltham, MA USA; Total RNA
extraction protocol). RNA integrity was measured by calculating the RIN value by capillary
electrophoresis. Once the RNA quality was verified, RNA-seq sequencing was carried out.
A TruSeq stranded mRNA library was prepared, and 150-base paired reads were read on the
IMlumina Novaseq 6000 platform (San Diego, CA, USA). CUTADAPT v3.5 was used to clean
the reads with a Q30 quality threshold, and reads with ambiguous bases were excluded
(Ns). Trinity v2.13.2 with default values was used for de novo transcriptome assembly. The
overall statistics of the transcriptome were calculated with a proprietary script written in
Python (https://www.python.org/). Functional annotation of the assembled sequences
was processed with EggNOG-mapper [24], using stringent parameters for filtering and
coverage (E-value < 0. 001, minimum score of 60, minimum identity of 40%, and minimum
coverage of 20%) which generated GO (Gene Ontology), KEGG (Kyoto Encyclopedia of
Genes and Genomes) CAZy (Carbohydrate-Active enZYmes), PEAMs (Protein Families)
annotations, the functional description, short name and Enzyme Commission Number (EC)
available for each sequence. Additionally, KEGG Mapper Reconstruction of GhostKOALA
was used to determine the frequencies of KEGG Categories identified in the transcriptome.

2.4. Determination of the Chemical Composition of PKC Fermented in Urea-Enriched
Solid Medium

The PKC, together with the fungal biomass, was dried at 60 °C until a constant
weight was reached at the end of the solid-state fermentation. Subsequently, the chemical
composition of the fermented substrate in terms of crude protein (CP), neutral detergent
fiber (NDF), acid detergent fiber (ADF), and lignin (LIG) was determined by NIRS (near
infrared spectroscopy) [25].
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2.5. Statistical Analysis

Minitab® 18 was used to construct the statistical design, assess statistical significance,
obtain the regression models, and find the simultaneous local optimum of one or more
response variables [26].

3. Results and Discussion
3.1. Biomass Production Optimization

Figure 1 shows the results of biomass production of P. ostreatus (gL ~!) growing in
different concentrations of glucose and inorganic nitrogen sources in a liquid medium.
CCD results indicated that biomass production was affected by both glucose concentrations
and different sources and ratios of inorganic nitrogen in the medium (Figure 1). Maximum
biomass production using ammonium sulfate (8 g/L), ammonium nitrate (10.5 g/L), and
urea (8 g/L) was obtained at C:N ratios of 10:1, 11:1 and 34:1, respectively (Figure 2), with
no significant statistical differences (p < 0.05). However, it is suggested that the nitrogen
available in urea is more assimilable by the fungus for biomass production, given the higher
C:N ratio needed to produce a similar amount of biomass to that of the other nitrogen
sources (Figure 2).
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Figure 1. Boundary plots of biomass production of P. ostreatus. (a) Culture at different concentrations
of ammonium sulfate. (b) Culture at different concentrations of ammonium nitrate. (¢) Culture at
different concentrations of urea.

These findings indicate that urea provides a higher amount of assimilable nitrogen in
the form of ammonia, facilitating a faster and more efficient uptake of nitrogen, supporting
increased cell growth, and, consequently, greater biomass accumulation [27]. Furthermore,
the high ratio of carbon to nitrogen in the case of urea may allow for an optimal balance
between energy availability and nitrogen supply, which is crucial for the synthesis of
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essential biomolecules such as proteins and nucleic acids. This balance could explain
why urea, although requiring a higher C ratio, is more effective in promoting the biomass
production of P. ostreatus.

(b)

Figure 2. Maximum biomass production of P. ostreatus. (a) Synthetic with ammonium sulfate (glucose

41.97 g/L and ammonium sulfate 3 g/L) results in 8 g/L of biomass, and a C:N ratio of 10.3:1.
(b) Synthetic with ammonium nitrate (glucose 37.5 g/L and ammonium nitrate 1.5 g/L) results in
10.5 g/L of biomass and a C:N: ratio of 11:1. (c¢) Synthetic with urea (glucose 18.72 g/L and urea
0.39 g/L) results in 8 g/L of biomass and a C:N: ratio of 34:1.

Some authors have reported that supplementing the substrate with urea not only
increases the productivity of P. ostreatus but also enhances its nutritional value, particularly
in terms of protein and (3-glucans [28]. A recent study found that growing P. ostreatus on
a spent oyster substrate mixed with wheat straw (1:1, w/w mixture) enriched with urea
in doses between 3g and 5g per kilogram of substrate increased the protein and essential
amino acid contents of the fungus, reaching up to 0.8% and 0.31%, respectively [29]. This
suggests a significant improvement in the nutritional value of P. ostreatus.

Using response surface methodology, another study identified that the optimal urea
concentrations for higher laccase enzyme production in P. ostreatus were between 0.8% and
1.2% (w/v), similar to the findings observed in this research regarding biomass produc-
tion [30]. When evaluating the effects of four lignocellulolytic substrates and urea dosage
on the growth and yield of P. ostreatus, Déo, and Faustin [31] found that the highest yield
and mushroom diameter were observed with a corn cob substrate supplemented with
100 g of urea per kg of substrate. This dose is significantly higher than that reported in
this study, possibly due to differences in experimental conditions, such as substrate variety,
mushroom species, or nutrient availability, all of which may influence the response to urea
fertilization.

In this regard, the use of urea as a source of inorganic nitrogen for P. ostreatus growth
maximizes fungal biomass production. It presents an economical and easy-to-use alter-
native compared to other inorganic nitrogen sources evaluated in this study, making it a
preferred option for large-scale production of mycelial protein from P. ostreatus.

3.2. Biomass Production and Laccase Enzyme Activity in Solid-State Fermentation

In Figure 3, each vertex of the triangle represents one of the three components of the
mixture. The figure shows 10 points in the design space, corresponding to the mixtures
defined in Table 3. The data indicate that both fungal biomass (2.4 g/L) and laccase enzyme
activity (1200-1400 U/L) reached the highest values in the mixtures with the highest
proportion of palm kernel cake. This suggests that fungal growth may benefit from the
higher amount of protein present in the palm kernel cake compared to fiber and kernel
hulls. Therefore, this by-product seems to be a suitable option for bioconversion into
fungal biomass.
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Figure 3. (a) Mixing boundary plot of maximum biomass production and (b) maximum laccase

enzyme production of P. ostreatus growing on urea-enriched oil palm by-product mixtures. PKC:
palm kernel cake; PKS: palm kernel shells.

Recent studies have also shown that urea is an efficient source of inorganic nitrogen,
stimulating growth and ligninolytic enzyme synthesis in P. ostreatus [32,33]. Addition-
ally, urea supplementation not only stimulates the growth of WRF but also enhances
lignin degradation by increasing the activity of ligninolytic enzymes, thus promoting the
bioconversion of lignocellulosic residues [34].

3.3. Transcriptomic Analysis

Identification of metabolic pathways activated in P. ostreatus under urea- and palm
kernel cake-enriched conditions, related to the fungus’s ability to bioconvert lignocellulosic
and metabolic components, was carried out. 7029 KEGG_ko terms were filtered from the
genome with 13,635 coding fragments, and the frequency of each unique term (3167) was
established. Table 4 presents the top 20 most frequent terms, totaling 389 annotations, and
Figure 4 the most frequent domains. The results show a clear activation of carbohydrate
metabolism, highlighting proteins associated with complex polysaccharide hydrolytic path-
ways such as chitinase (K01183) and B-glucosidase (K05349) with the highest frequencies,
of 26 and 24, respectively; as well as cellulose 1,4-B-cellobiosidase (K01225) and pectate
lyase (K01728). Unclassified metabolic pathways also support this activity, as oxidative
proteins like glyoxal oxidase (K20929) and lytic cellulose monooxygenase (K19356) are
frequently found and are key for lignin degradation [35,36]. Similarly, the activation of
xenobiotics metabolism is highlighted, with enzymes like salicylate hydroxylase (K00480)
and microsomal epoxide hydrolase (K01253) showing capabilities in degrading aromatic
or toxic compounds derived from the processing of lignin’s aromatic monomers [37,38].
These results show that P. ostreatus is highly efficient in the molecular activation of enzymes
involved in the bioconversion of agro-industrial wastes such as palm kernel cake.

Table 4. Top 20 most frequent KEGG terms in the transcriptome of P. ostreatus grown in GY medium
enriched with urea and palm kernel cake.

KEGG Orthology Protein Name K Number Frequency
Carbohydrate metabolism Chitinase K01183 26
Carbohydrate metabolism B-glucosidase K05349 24
Carbohydrate metabolism Cellulose 1,4-B-cellobiosidase K01225 18
Carbohydrate metabolism Aldehyde dehydrogenase K00128 18
Carbohydrate metabolism Alpha-galactosidase K07407 18
Carbohydrate metabolism Succinate dehydrogenase K00237 17
Carbohydrate metabolism Pectate lyase K01728 14

Unclassified: metabolism Glyoxal oxidase K20929 23
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KEGG Orthology Protein Name K Number Frequency
Unclassified: metabolism Lytic cellulose monooxygenase K19356 22
Unclassified: metabolism NADPH?2 dehydrogenase K00354 18
Unclassified: metabolism Protein-serine/threonine kinase K08286 15

Xenobiotics biodegradation and metabolism Salicylate hydroxylase K00480 24

Xenobiotics biodegradation and metabolism ~ Microsomal epoxide hydrolase K01253 16

Xenobiotics biodegradation and metabolism  Cyclohexanone monooxygenase K03379 15

Glycan biosynthesis and metabolism Mannosyl—ohgosacc.harlde K01230 16
alpha-1,2-mannosidase

Lipid metabolism Glycerol 2-dehydrogenase K18097 26

Metabolism of other amino acids Glutathione S-transferase K00799 15
Amino acid metabolism Choline dehydrogenase K00108 31
Mitochondrial biogenesis Mitochondrial chaperone BCS1 K08900 15
Signal transduction cathepsin D K01379 18
Frequency of KEGG Categories
Carbohydrate metabolism |
Unclassified: metabolism
Xenobiotics biodegradation and metabolism
§ Amino acid metabolism |
S
g Lipid metabolism
O
O
v Signal transduction |
Glycan biosynthesis and metabolism
Mitochondrial biogenesis
Metabolism of other amino acids |
0 20 20 60 80 100 120 140

Frequency

Figure 4. Frequency of KEGG categories identified in the transcriptome of P. ostreatus grown on GY
medium enriched with urea and palm kernel cake.

Table 5 presents a comparison between the CAZymes identified in P. ostreatus transcrip-
tome and frequencies reported in the literature, aiming to explore similarities and recurrent
patterns across different studies and experimental contexts. While the frequencies in both
cases are not directly comparable due to differences in methodologies and experimental
conditions, the results highlight consistent trends that reinforce the relevance of certain
CAZymes in the degradation of lignocellulosic substrates. On one hand, the frequencies
reported in the transcriptome (405 genes identified) specifically reflect gene expression
under the current experimental conditions (urea-enriched medium and palm kernel cake).
On the other hand, the frequencies in the literature represent an aggregate of several stud-
ies (n = 9) *, covering different experimental conditions, methodologies (transcriptome,
secretome, proteome), and lignocellulosic substrates. In both datasets (Table 5), the most
frequently reported domains are related to holocellulose: GH3, GH7, CBM1, and AA9 are
prominent in both lists and suggest their key role in cellulose and hemicellulose hydrolysis.
For lignin degradation, AA1, AA2, AA3, and AAS stand out, reinforcing P. ostreatus’s ability
to depolymerize lignin through oxidative pathways. These findings indicate that the most
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relevant enzymes in lignocellulosic processing are consistently expressed under various

experimental conditions.

Table 5. Frequencies of CAZymes identified in the transcriptome of P. ostreatus and comparison with

published literature on lignocellulosic substrates.

Main Lignocellulose

Frequency in the

Frequency in the

CAZys Substrate Transcriptome Literature *
AA1 Lignin 15 23
AA2 Lignin 14 15
AA3 Lignin 11 13
AA4 Lignin NR 1
AA5 Lignin 24 11
AA6 Lignin 2 3
AA7 Lignin NR 1
AAS8 Lignin NR 1
AA9 Holocellulose 22 5

CBM1 Holocellulose 25 9

CBM13 Holocellulose NR 1

CBM21 Holocellulose NR 1

CBM48 Holocellulose 2 NR

CE Hemicellulose/pectin NR 1
CE1 Hemicellulose/pectin 1 3
CE10 Hemicellulose/pectin 3 1
CEl6 Hemicellulose/pectin NR 3
CE4 Hemicellulose /pectin NR 1
GH1 Holocellulose 8 3
GHI10 Holocellulose NR 4

GH105 Holocellulose 3 NR

GH115 Holocellulose NR 1

GH12 Holocellulose 2 1
GH127 Holocellulose NR 1
GH128 Holocellulose NR 1
GH13 Holocellulose 9 NR
GH15 Holocellulose 4 1
GH16 Holocellulose 9 2
GH17 Holocellulose NR 1
GHI18 Chitin 26 NR
GH2 Holocellulose NR 3
GH20 Holocellulose 2 NR
GH28 Pectin NR 1
GH3 Holocellulose 32 9
GH30 Holocellulose 5 NR
GH31 Holocellulose 11 1
GH32 Holocellulose NR NR
GH35 Holocellulose NR 6
GH37 Holocellulose 2 NR
GH38 Holocellulose 2 NR
GH39 Holocellulose NR 1
GH43 Holocellulose 3 1
GH47 Holocellulose 16 3
GHb5 Holocellulose 15 5
GHb51 Holocellulose 4 6
GH53 Holocellulose NR 1
GH6 Holocellulose 4 2
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Table 5. Cont.

Main Lignocellulose

Frequency in the

Frequency in the

CAZys Substrate Transcriptome Literature *
GH63 Holocellulose NR 1
GH7 Holocellulose 18 4
GH72 Holocellulose NR 1
GH74 Holocellulose 3 1
GH76 Holocellulose NR 2
GH78 Holocellulose NR 1
GH79 Holocellulose NR 1
GH9 Holocellulose 13 NR
GH90 Holocellulose NR 1
GH92 Holocellulose NR 2
GH95 Holocellulose 4 NR
GT1 Holocellulose 5 NR
GT15 Holocellulose 9 NR
GT17 Holocellulose NR NR
GT18 Holocellulose 2 NR
GT2 Holocellulose 19 1
GT20 Holocellulose 3 NR
GT21 Holocellulose NR NR
GT22 Holocellulose 4 NR
GT24 Holocellulose NR NR
GT3 Holocellulose NR NR
GT33 Holocellulose 1 NR
GT35 Holocellulose NR NR
GT39 Holocellulose 3 NR
GT4 Holocellulose 11 NR
GT41 Holocellulose 2 NR
GT48 Holocellulose 3 NR
GT5 Holocellulose 2 NR
GT50 Holocellulose 1 NR
GT57 Holocellulose 7 NR
GT58 Holocellulose 4 NR
GT59 Holocellulose 2 NR
GTo66 Holocellulose NR NR
GT69 Holocellulose 1 NR
GT76 Holocellulose NR NR
GT8 Holocellulose 9 NR

*[14,15,39-45]. NR: no reported.

Figure 5 illustrates the relationship between the CAZyme domains identified in the P.

ostreatus transcriptome and those reported in the literature. It shows 23 common domains,
including key families such as GH3, GH7, AA9, AA1, and AA5, essential for holocellulose
and lignin degradation. The 36 unique domains in the transcriptome suggest specific

adaptations to the experimental conditions with palm kernel cake, while the 29 unique

domains in the literature reflect methodological and substrate differences used in other

studies. This overlap validates the relevance of the identified CAZymes and highlights

new opportunities to explore specific enzymes with biotechnological potential in the

bioconversion of lignocellulosic residues, positioning P. ostreatus as a robust model in

this field.
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36 23 29

Transcriptome Literature

Figure 5. Comparison of CAZyme domains identified in the transcriptome of P. ostreatus and reported
in the literature.

Figure 6 presents an integrated analysis of the CAZyme domains identified in the P.
ostreatus transcriptome compared to the frequencies reported in the literature. A summary
of the most frequently mentioned domains in previous studies is provided, emphasizing
their relevance in lignin, cellulose, and hemicellulose processing. The figure also highlights
the most expressed domains in the transcriptome under specific experimental conditions,
such as the palm kernel cake enriched medium. Additionally, Figure 6 visualizes key
findings, including the high frequency of GH3, AA1, AA5, and CBM1, which validate the
experimental results in the context of existing knowledge. Furthermore, unique domains of
the transcriptome, such as GH18, were identified, which might reflect specific adaptations
to the experimental environment and are primarily involved in the degradation of fungal
cell wall components, such as chitin [15,46]. This integration of results underlines both the
consistency and novel contributions of the present study, reinforcing the importance of P.
ostreatus as a model for the bioconversion of lignocellulosic residues.
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Figure 6. Comparison of CAZyme domains in the transcriptome and the literature.

Based on omics data from the literature and the findings of this study, we propose a
general mechanism to elucidate the enzymatic degradation of lignocellulose by Pleurotus sp.
This mechanism is supported by the structural composition of the lignocellulosic complex,
represented by the carbohydrate cellulose and hemicellulose, and the lignin fraction. CBM1
interacts with the cellulose or hemicellulose fraction without exhibiting catalytic activity,
thereby enhancing the function of GH7 (which includes EC 3.2.1.4 and cellulose endo-{3-1,4-
glucosidase). Additional GHs, such as GH3 (including EC 3.2.1.58 and glucan exo-£3-1,3-
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glucosidase) and GH51 (including EC 3.2.1.8, xylan endo-[3-1,4-xylosidase or EC 3.2.1.37,
and xylan exo-f3-1,4-xylosidase, among others), may contribute to hemicellulose fraction
modification. AA9 (EC 1.14.99.54; lytic cellulose monooxygenase) plays a role in cellulose
degradation. AA1_1 (laccases) and AA2 (including manganese peroxidase EC 1.11.1.13
and versatile peroxidase EC 1.11.1.16) are classified as LMEs. Hydrogen peroxide (H,O,),
generated by AA3_2 (which includes aryl alcohol oxidase and glucose 1-oxidase) and
AA5_1 (including EC 1.2.3.15, glyoxal oxidase serves as a co-substrate for AA2 and AA9.

Table 6 presents a set of KEGG orthology (KO) genes identified in this study that are
potentially involved in the regulation of nitrogen metabolism, particularly in the utilization
of urea as a nitrogen source during the growth of P. ostreatus.

Table 6. Proposed metabolic pathway for nitrogen assimilation from urea in Pleurotus ostreatus,
including key enzymes and corresponding KEGG orthologs (KOs).

Step Protein Name K Number Principal Reaction
1 Urease K01428 Urea — 2 NH3 + CO»
2 Glutamine synthetase K01915 NH, + Glutamate + ATP =
Glutamine
3 Glutamate synthase K00264 Glutamine + «-Ketoglutarate +
(NADH) NADH — 2 Glutamate
4 Aminotransferases K01763, K20247 Glutamate + Keto acid — New

amino acid — Biomass synthesis

Based on the findings, the proposed pathway for urea assimilation in P. ostreatus
involves the use of urea as an accessible nitrogen source, which is initially hydrolyzed into
ammonia and carbon dioxide by the enzyme urease. The resulting ammonia is then effi-
ciently incorporated into organic molecules through the glutamine synthetase-glutamate
synthase (GS-GOGAT) cycle, a high-affinity system essential under low-ammonia condi-
tions. Subsequently, the glutamine produced is converted into glutamate, which acts as a
key nitrogen donor in transamination reactions catalyzed by aminotransferases. These reac-
tions enable the incorporation of nitrogen into amino acids and other nitrogen-containing
compounds, thereby supporting fungal growth and biomass production. The identifi-
cation of corresponding KEGG orthologs provides additional evidence supporting the
functionality of these enzymatic steps in P. ostreatus.

3.4. Changes in the Chemical Composition of PKC Fermented

Table 7 presents the chemical composition of palm kernel cake (PKC), both unfer-
mented (NFPKC) and fermented with P. ostreatus (PoFPKC). Liquid fermentation of palm
kernel cake with P. ostreatus resulted in significant improvements to its nutritional profile,
including a 26.3% reduction in neutral detergent fiber (NDF), a 20.4% reduction in acid
detergent fiber (ADF), and a 46.9% reduction in lignin (LIG). This indicates that pretreat-
ment of palm kernel cake with P. ostreatus facilitates the breakdown of bonds between
cellulose, hemicellulose, and lignin, as a result of the lignocellulosic enzymes secreted by
the fungus [47], as supported by the transcriptome findings reported in this study.

In a previous study, it was observed that the production of ligninolytic enzymes by P.
ostreatus significantly impacted the lignocellulosic structure of maize stover, leading to an
18.3% reduction in NDF and a 6.8% reduction in ADF content, along with a 118% increase
in non-fiber carbohydrates [48]. Similarly, treatment of oil palm empty fruit bunches (RFV)
with WRE, including Pleurotus sp., resulted in up to a 20% decrease in lignin content,
alongside increases of between 7.49 and 16.67% in cellulose levels [49].
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Table 7. Chemical composition of PKC after fermentation with P. ostreatus.

Chemical Composition

(% MS) NFPKC PoFPKC
Crude protein 15.9 27.0
Neutral detergent fiber 67.2 49.5
Acid detergent fiber 40.3 32.1
Lignin 14.5 7.7

NFPKC: non-fermented palm kernel cake; POFPKC: Pleurotus ostreatus fermented palm kernel cake.

Simultaneously, a 69.8% increase in CP content was recorded, which could be at-
tributed to the production of mycelial biomass by the fungus, which is particularly rich in
protein [50]. In this regard, protein enrichment of the lignocellulosic substrate occurs be-
cause approximately 70% of the nitrogen present in P. ostreatus is in the form of protein [51].
Similarly, increases of up to 71% in crude protein content were found in corn cob waste
pretreated with P. ostreatus [52], while fermentation of maize straw with Pleurotus spp. led
to an increase in the protein content of up to 38% [17].

In parallel, it has been demonstrated that, beyond improving the nutritional composi-
tion of the substrate, the fermentation of lignocellulosic material with P. ostreatus enhances
the final product with bioactive secondary metabolites. Among these is lovastatin, an in-
hibitor of the enzyme (35)-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase,
which plays a key role in the mevalonate pathway for the synthesis of isoprenoid ether lipid
precursors involved in the formation of cell membranes in methanogenic archaea [53]. Lo-
vastatin also interferes with the synthesis of coenzyme F420, which participates in electron
transport during methanogenesis, thereby contributing to a reduction in methane produc-
tion [54]. The presence of this metabolite in palm kernel cake (PKC) may be associated
with the identification of KEGG orthologs K05607, K02267, and K00507 in the transcrip-
tomic data from this study, corresponding to the enzymatic activities of enoyl-CoA hydra-
tase/isomerase, cytochrome c oxidase, and cytochrome b5-like heme/steroid-binding
domain proteins, respectively.

Therefore, the enrichment of PKC with anti-methanogenic metabolites may repre-
sent a sustainable approach to mitigating emissions of enteric methane—a potent green-
house gas generated during rumen fermentation—without compromising animal nutri-
tion [55,56]. These results support the potential of POFPKC as a functional feed supplement
for ruminants.

4. Conclusions

Optimization of fermentation conditions using statistical methods determined that the
use of urea as a source of inorganic nitrogen and palm kernel cake as a by-product improved
biomass production and the expression of genes involved in lignocellulose hydrolysis in
Pleurotus ostreatus. This approach contributes to understanding the biochemical processes
that regulate the bioconversion of palm kernel cake into a functional feed enriched with
microbial protein from P. ostreatus for use in ruminant feed.
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