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Abstract  
 

 
Agro-industrial by-products such as rice husks are rich in lignocellulose, which 

contains the three most abundant polymers in nature: cellulose, hemicellulose, and 
lignin. While cellulose and hemicellulose are potentially fermentable carbohydrate 
stores, lignin is a recalcitrant polymer that prevents access to these carbohydrates. 
Different strategies have been studied to remove lignin from lignocellulose, such as 
biological delignification. It uses the natural ability of some organisms, mainly fungi, to 
break down lignin. This degradation can occur because the fungus secretes enzymes in 
its environment; an example of these enzymes is laccase. 

 
Pleurotus ostreatus is a white-rot fungus that secretes an amount of laccase that 

varies in a wide range. The secretion of these multicopper oxidase enzymes by P. 
ostreatus depends on the composition of the culture medium. Consequently, many 
studies had focused on evaluating various culture media to increase the secretion of these 
enzymes by the fungus. Although these studies had shown that nutritional factors and 
some inducing substances influenced the secretion of laccases in P. ostreatus, it was 
unknown how these factors are related to each other and influence the secretion of these 
enzymes. Therefore, the main objective of this study was to determine the influence of 
the composition of the culture medium and lignocellulosic compounds on the secretion 
of laccase enzymes by P. ostreatus in submerged cultures. These studies were done using 
a statistical and systematic approach that allowed the control of the culture media 
composition. The optimal nutritional conditions were found that simultaneously 
increased fungal growth and laccase activity in the absence and presence of copper 
sulfate, a recognized inducer of laccase. Under these conditions, the biochemical aspects 
of transcripts in P. ostreatus related to laccase secretion were evaluated , which revealed 
the participation of membrane transporters with high affinity for copper (CTRs) as 
intermediate candidates for the regulation of three laccase genes, lacc2, lacc6, and 
lacc10. Moreover, the evaluation of the results of the culture media composition suggests 
that the regulation of these transporters is closely linked to sufficient nutritional 
conditions in carbon and nitrogen, with central participation of the metabolism of organic 
nitrogen in this process. 

 
With these findings, it was possible to obtain more profound knowledge of the 

pretreatment of lignocellulosic biomass by P. ostreatus in a submerged culture that was 
oriented to determine the role of laccase activity in the biological pretreatment of rice 
husks. 
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Resumen  

  
 

Los subproductos agroindustriales como las cascarillas de arroz son ricos en 
lignocelulosa, que contiene los tres polímeros más abundantes en la naturaleza: celulosa, 
hemicelulosas y lignina. Mientras que la celulosa y las hemicelulosas son depósitos de 
carbohidratos potencialmente fermentables, la lignina es un polímero recalcitrante que 
impide el acceso a estos carbohidratos. Se han estudiado diferentes estrategias de 
pretratamiento  para eliminar la lignina de la lignocelulosa, entre ellas la deslignificación 
biológica, la cual utiliza la capacidad natural de algunos organismos, principalmente 
hongos, de degradar la lignina por la acción de   oxidasas que  secretan a su entorno para 
tal efecto.  

Pleurotus ostreatus es un hongo de podredumbre blanca que secreta lacasas en 
su entorno de crecimiento. La secreción de estas oxidasas multicobre por este hongo 
dependen de la composición del medio de cultivo, por tanto, muchos estudios se había 
enfocado en evaluar diversos sustratos para incrementar la secreción de estas enzimas. 
Aunque estos estudios habían mostraron que los factores nutricionales carbono y 
nitrógeno y algunas sustancias inductoras en el medio de cultivo influían en la actividad 
lacasa de los extractos de cultivos del hongo, se desconocía cómo estos factores se 
relacionan entre sí en la regulación de la transcripción de genes lacasas. En 
consecuencia, el objetivo principal de la investigación fue determinar la influencia de la 
composición del medio de cultivo y los compuestos lignocelulósicos en la secreción de 
enzimas lacasas por P. ostreatus en cultivos sumergidos. Utilizando un enfoque 
estadístico y sistemático que permitió el control de la composición de los medios de 
cultivo, se encontraron las condiciones nutricionales óptimas que simultáneamente 
incrementaban el crecimiento fúngico y la actividad lacasa en ausencia y presencia de 
sulfato de cobre, un inductor reconocido de esta actividad enzimática. En dichas 
condiciones se indagó sobre los aspectos bioquímicos transcripciones en P. ostreatus 
relacionados con la secreción de lacasas, lo cual reveló la participación de 
transportadores de membrana de alta afinidad por el cobre (CTRs) como candidatos 
intermediarios de la regulación de tres genes lacasas lacc2, lacc6 and lacc10. Los 
resultados de la evaluación de la composición de los medios de cultivos sugieren que la 
regulación de estos trasportadores se encuentra estrechamente ligada a condiciones 
nutricionales suficientes en carbono y nitrógeno, con una participación central del 
metabolismo del nitrógeno orgánico en dicho proceso. 

   
Este conocimiento fue orientado a determinar el papel de la actividad lacasa en 

el pretratamiento biológico de la cáscara de arroz con el fin de contribuir a obtener una 
comprensión más profunda del pretratamiento de la biomasa de lignocelulosa por P. 
ostreatus en cultivo sumergido. 
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Chapter 1  
 

Introduction  
  
 

In this doctoral thesis, the study of the biological pretreatment of rice husks with 
the white-rot fungus Pleurotus ostreatus was aimed focusing on determining the role of 
laccase activity in this pretreatment. It was written such as each chapter is aimed for 
publication; therefore, each is self -contained. This presentation has the advantage of 
showing clearly the depth and impact of each subject of study but also has the 
disadvantage of the necessity to repeat some general facts in the introductory and 
methodology paragraphs of some chapters. Chapter 2, shows how the nutritional 
requirements were established to favor the growth of the fungus while increasing or 
inducing laccase activity in synthetic culture media. Once these nutritional requirements 
were determined, the potential for enzymatic pretreatment of rice husks from different 
crude extracts produced in synthetic culture media with different laccase inducers was 
addressed shown in  Chapter 3. A second pretreatment strategy is shown in Chapter 4, 
which used a modified culture media concept; in this part, various biological 
pretreatment systems for rice husks were evaluated using different concentrations of the 
same lignocellulosic biomass in synthetic culture media. Finally, Chapter 5 aims to find 
genes associated with laccase induction or regulation, and the P. ostreatus transcriptome 
was compared in synthetic and modified culture media with different laccase activities. 

 
Optimizing the valorization processes and use of biomass constitutes one of the 

pillars of the transition to a biobased economy. Under the biorefinery concept, within all 
the types of biomass available, lignocellulose biomass is versatile because it can be used 
in at least three platforms based on its constituent polymers, which generate key 
intermediates such as cellulose, other C6-sugars, hemicellulose, other C5-sugars, and 
lignin as an intermediate per se. These intermediates have a bioenergy potential as 
second-generation fuels. Alternately, they are feedstocks for bio-based products such as 
biomolecules, biofertilizers, animal feed, or biomaterials. Although the conversion 
processes used in these platforms can be classified into mechanical/physical, chemical, 
thermochemical, or biochemical processes in an actual setting, the mixture or 
combinations of these processes may be required; however, biochemical processes are 
usually carried out at low temperatures and pressures, using microorganisms or enzymes. 
The biochemical processes operating conditions results in a lower operating cost than the 
alternative mechanical or thermochemical processes and often a reduction in the 
production of toxic compounds compared to conversion mediated by the action of an 
external chemical; however, these operational advantages are often hindered by longer 
processing times and low efficiencies. Even so, overlooked valuable by-products are 
often obtained using biochemical processes, such as microbial biomass, enzymes with 
multiple applications, or bioactive molecules formed during microbial metabolism. 
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Rice husks biomass was used in this work. Rice husk is a lignocellulosic 
byproduct of the processing of a rice paddy [1], [2]. It has been estimated that this 
byproduct constitutes around 20%-33% of the weight of the rice product [3]. Given the 
widespread cultivation of rice worldwide, this means a significant availability of this 
lignocellulosic biomass; in fact, around 750 million tons (MT) of rice with husk were 
produced worldwide in 2019 [4], of which around 2.6 MT were produced in Colombia 
alone [5]. 

 
Because the rice husks are formed from the two leaves of the spikelet, that is, the 

palea that covers the ventral part of the seed and the lemma that covers the dorsal portion, 
the microstructure of the rice husk is an arrangement of epidermal tissue that follows a 
parenchymal tissue and ends with a hypodermis, hence its richness in lignocellulose. In 
addition, other structural characteristics explain its recalcitrance and complex 
composition. The outer layer forms dome-shaped bumps conspicuously ridged, 
extremely thick, highly convoluted, and rich in silica and lignin, whereas the inner layer 
is smooth, uniform, low in silica and lignin [6]. Therefore,  rice husks have a composition 
rich in cellulose, hemicellulose, lignin, ash, and other extractable substances, with varied 
compositions [7]. Cellulose content varies between 38-50%, hemicellulose between 23-
32%, lignin ranges between 15-25%, and ash content in rice husks can reach around 20% 
of the total weight [8]. Although rice husks ashes could also contain oxides of other 
elements such as aluminum, iron, magnesium, sodium, calcium, phosphorous, sulfur, and 
titanium, these ashes are characterized by being rich in silicon dioxide [7], [9], [10]. 
These compositional characteristics are variable; in any case, they imply a holocellulose 
content (fraction of cellulose and hemicellulose) of at least 50%. This content is attractive 
for C6-C5 biorefinery platforms; however, the heterogeneity in composition and high 
silica and lignin contents make this material difficult to degrade. 

 
Depending on the rice husks conversion pathway selected to recover this 

lignocellulose biomass, the process steps may change; however, the pretreatment stage 
is almost standard in several of these processes, regardless of selected conversion [11]. 
Take, for example, the acid wash pretreatment of rice husks in biomass pyrolysis [12], 
the alkaline pretreatment of rice husks to produce activated carbon and other value-added 
products [13], the liquid ionic acid-catalyzed pretreatment for the conversion of rice 
husks into fermentable sugar and silica [14], or the bioethanol production from rice husks 
using different chemical pretreatments [15] among others. It is easy to see that these 
conversion pathways can be mechanical/physical, chemical, thermochemical, or 
biochemical (usually called biological). The pretreatments can also be of the same nature, 
sharing the same advantages and disadvantages, and can be used alone or in combination. 
In any case, the goal of pretreatment is to break down the compact structure of the 
lignocellulose and expose the cellulose fibers, helping to overcome recalcitrance of the 
material by combining chemical and structural changes in lignin and carbohydrates [16]. 

 
In biological pretreatment, the deconstruction of lignin structures in the cell wall 

occurs using microbes and/or enzymes as catalysts [16]. Biological pretreatments use 
wood-degrading microorganisms, including white-rot, brown-rot, soft-rot fungi, and 
bacteria [17]. Biological pretreatment with fungi has a greater percentage of lignin 
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removal than pretreatment with bacteria [18]. Moreover, because brown-rot and soft-rot 
fungi usually attack cellulose and cause minor lignin modifications, white-rot fungi 
targeting lignin are preferably selected for biological pretreatments [17], [19]. White-rot 
fungi encompass different ligninolytic basidiomycetes that digest wood, causing its 
decomposition, including Phanerochaete chrysosporium, Pycnoporus cinnabarinus, 
Phlebia spp., Gonoderma sp. Oxysporus sp., Trametes versicolor, Pleurotus sajor-caju, 
Pleurotus ostreatus, Ceriporiopsis subvermispora, among others [20], [21]. The highest, 
most common percentages of cellulose, hemicellulose, and lignin loss reported for plant 
materials treated with these microorganisms are 49%, 78%, and 72%, respectively [18]. 
However, P. ostreatus is usually preferred over P. chrysosporium, T. versicolor, and C.  
subvermispora because this fungus selectively degrades the fraction of lignin instead of 
the holocellulose fraction found in substrates such as rice husks [22], [23]. 

 
P. ostreatus is a basidiomycete of the Agaricales order [24], [25]. During most 

of its life cycle, it has a dikaryon mycelium whose two nuclei come from the 
corresponding monokaryon parental mycelia that join during plasmogamy, stay together 
through the vegetative growth but separated in the same cytoplasm [26]. The dikaryotic 
mycelium can grow vegetatively in an asexual manner or generate a sporocarp where the 
sexual cycle occurs; the parental nuclei attach together through karyogamy and divide 
meiotically to generate haploid spores that produce a new monokaryon mycelium which  
continues the life upon germination [27].  From the dikaryon, two parental nuclei can be 
recovered in vitro, and these new monokaryotic mycelia can originate new haploid cell 
lines [28]. The most widely studied cell lines mkPC15 and mkPC19 were obtained from 
the dikaryotic parental dkN001, a commercial strain of  P. ostreatus whose genome can 
be found in http://jgi.doe.gov/fungi [29], [30]. It was determined that the genome of P. 
ostreatus contains 11 pairs of chromosomes with varying sizes between 1.4-4.7 Mbp 
[31]. 

P. ostreatus is used in the biological pretreatment of lignocellulosic biomass due 
to its ability to produce enzymes capable of modifying the lignin present in the 
lignocellulosic complex. This ability to modify lignin is attributed to an enzyme system 
from the superfamily of oxidases, in which only laccases, heme peroxidases from the 
lignin peroxidase (LiP) family, manganese peroxidase (MnP), and versatile peroxidase 
(VP) are recognized as lignin-modifying enzymes (LMEs) [30].  It has been found that 
the genome of P. ostreatus contains nine genes that code for ligninolytic peroxidases; 
these genes code for six MnP and three VP isoenzymes but no LiP [32], [33], whereas 
the genome of P. ostreatus codifies 12 laccases genes [28]. Additionally, these genes, 
transcripts, and the resulting isoenzymes from these genes have been identified for their 
effect in diverse culture conditions and under the influence of varying substrates [19], 
[30]. Although the MnP and VPs have been detected, laccases are the main enzymes 
secreted by P. ostreatus[30]; therefore, lignin oxidation in the fungal pretreatment using 
P. ostreatus is mainly attributed to laccases. 

 
Fungal laccases are glycosylated, multicopper oxidase enzymes that catalyze the 

hydroxyl functional group oxidation on various substrates and the molecular oxygen 
reduction to water [34]–[36]. This reaction is catalyzed in four copper atoms arranged in 
T1, T2, and T3 copper centers. The T1 center has a single copper coordinated by His, 

http://jgi.doe.gov/fungi
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His, Cys, and Met residues. Usually, T2 and T3  centers form a trinuclear copper cluster.  
The T2 center has a single copper coordinated His and Asp or Tyr residues, and the T3 
centers are formed by two copper atoms, each coordinated by three His residues [37]. In 
this multicopper catalytic center in laccases, T1 copper is involved in substrate oxidation, 
while in T2 and T3 are arranged in a trinuclear cluster, they catalyze the reduction in 
molecular oxygen [38]. 

 
The exact mechanisms by which laccases work in modifying lignin in 

lignocellulosic biomass are still unknown, and some controversies exist on whether 
laccases alone can actually modify lignin  [39]. Since lignin is formed by the ether bonds 
between carbon-carbon (𝐶𝐶 −𝐶𝐶) in the structural units  of p-hydroxyphenyl (H), guaiacyl 
(G), and syringyl (S), which include bonds type β−O−4, β−5, β−β, 5−5, 4−O−5,  and  
β−1; these bonds results in a heterogeneous polymer in which the abundance of one type 
of structural unit relates to the high, medium, and low wood-like nature of the plant 
material [40]. Based on the diphenolic substrates, three types of reactions have been 
associated with laccases in lignin: 1) bond rupture, 2) modification and 3) coupling, 
which can cause different changes in this polymer. As far as modification reactions, 
oxidation reactions of the alpha carbon (Cα) are the main ones in which the hydroxyl 
group is changed for a ketone; however, coupling reactions can result in two types of 
modifications: 1) polymerization reactions in which new structural units (H, G or S) 
incorporate into the polymer, which results in increased molecular weight, and 2) 
reactions that insert low molecular weight sulfonated molecules [39], [40].  

 
Besides the above, there is a model according to which in which laccases could 

begin the cleavage of the side chain and aromatic ring of lignin; in this model, laccase 
catalyzes the  oxidation of phenolic substrates forming phenoxyl free radical as an 
unstable intermediate, which then promotes Cα oxidation, alkyl-aryl cleavage, and Cα-
Cβ cleavage [41]. However, to enhance the oxidation capabilities of laccase and help 
overcome the steric hindrance existing between laccase and non-phenolic substrates in 
lignin during delignification [42], laccase-mediator systems have been found to increase 
the delignification [43], [44]. The most common mediators are non-phenolic substrates 
such as 1-hydroxybenzotriazole (HBT), 3-hydroxyanthranilic acid (HAA), and 2, 2′-
azinobis- (3-ethylbenzothiazoline-6-sulfonate) (ABTS) [45]. The oxidized non-phenolic 
compounds coupled with mediators can promote the aromatic ring cleavage, Cα-Cβ 
cleavage, Cα oxidation, and β ether cleavage [42], [46]. 

 
The last consideration in this research was about types of culture. Biological 

pretreatment of lignocellulose can be carried out in different types of cultures such as 
solid culture (SSF), static liquid (SLF), or submerged liquid (SmF) which can affect the 
pretreatment results [47]. SSF mimic the natural conditions in which these organisms 
grow; however, the fungus grows attached to the substrate impeding the effective 
recovery of biomass and the valuable metabolites [48]. In SLF, the fungus grows on the 
surface of the culture broth. It spreads towards the boundaries of the culture flask or 
bioreactor, which facilitates the separation of the fungal biomass from lignocellulose 
biomass but limits the fungal growth to the ratio surface volume of the container. In this 
type of culture, fungal biomass can grow with heterogeneous morphology. Finally, in 



17 
 

SmF, the fungus usually grows with an uniform pellet-like morphology [49], and three 
phases are generated in the culture; the solid phase with the remains of the pretreated 
lignocellulose biomass, the fungal biomass (the pellets), and the liquid phase rich in 
enzymes and metabolites product of fungal growth. Therefore, for this work, submerged 
fermentation was selected for all culture conditions.  

 
In this thesis, the focus is directed to two different aspects of laccase production. 

First, how the differences in the culture medium and the presence of inducers influence 
the laccase activity recovered from submerged cultures of P. ostreatus. And, second, 
since laccases are the enzymes most secreted by P. ostreatus when it grows on 
lignocellulose, we hypothesize that an increase in the induction of these enzymes will 
increase the degradation of lignin. Under this consideration, it was of interest to 
determine to which extent the laccases secreted during the growth of P. ostreatus are 
effective for the pretreatment of rice husks accomplish delignification, thereby 
diminishing the recalcitrance of this biomass. 

 
1.1 Research objectives 

 
We aimed to determine the initial composition of the culture medium that results 

in the highest laccase activity when P. ostreatus is grown in submerged fermentation and 
compare the modifications observed on the lignocellulosic substrate for several rice 
husks due to the action of these laccases using various biological pretreatment 
conditions. All this is to gain a deeper understanding of the pretreatment of biomass by 
white-rot fungus P. ostreatus to apply this knowledge to develop a strategy to improve 
the pretreatment of rice husks. 

 
In order to achieve this general research objective, the following specific 

objectives are considered: 
 

• Determine the nutritional carbon and nitrogen requirements to increase 
fungal growth and laccase activity by P. ostreatus in SmF. 

• Evaluate the effect of laccase copper sulfate inducer and lignocellulose-
derived compounds in optimal nutritional conditions for P. ostreatus. 

• Evaluate the influence of rice husks as lignocellulosic substrate in the 
production of laccases by P. ostreatus in submerged cultures. 

• Compare the transcriptome of P. ostreatus under high and low laccase 
activity conditions, focusing on genes associated with laccase regulation and 
other lignocellulolytic enzymes. 

• Determine the compositional and structural changes of the rice husks 
recovered from different biological pretreatment systems that use enzymes 
secreted by P. ostreatus in selected SmF. 

 
The methodological approach to achieve these goals is both experimental and 

analytic. The intention is to use a statistical experimental design to determine the 
significance of nutritional factors and composition on the response of P. ostreatus and 
the extent of delignification. 
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Chapter 2 
 Effect of Nutritional Factors and Copper on the 

Regulation of Laccase Enzymes Production in 
Pleurotus ostreatus 

 

Abstract:  Laccase enzyme production by Pleurotus ostreatus depends on multiple factors. This research 
aimed to establish the relationship between carbon-nitrogen nutritional factors and the laccase inducer 
copper sulfate on laccase production. Initially, the effect of two nitrogen sources, ammonium sulfate and 
yeast extract, on biomass production and laccase activity was evaluated. Yeast extract was selected as a 
better nitrogen source than ammonium sulfate because this organic nitrogen source increased 2-fold 
biomass production and 2-orders of magnitude the laccase activity at the same glucose concentration. Then, 
the effect of glucose and yeast extract concentrations for biomass production and laccase activity as 
response variables were evaluated. This evaluation was done using central composite experimental designs 
with and without 1mM copper sulfate. The results showed that to optimize these two response variables 
simultaneously, the culture medium composition was glucose 45 and yeast extract 15 gL-1. In this optimal 
medium with or without copper sulfate, the P. ostreatus transcriptome was obtained by RNAseq analysis, 
and the differentially expressed genes (DEG) were found.  The top ten up-regulated transcripts in the DEG 
showed three laccase genes, lacc2, lacc6, and lacc10, positively regulated by copper sulfate. The top ten 
down-regulated transcripts included a copper transporter (ctr1) and a regulator of nitrogen metabolism 
(nmr1). These results suggest that Ctr1, which facilitates the entry of copper into the fungal cell, is regulated 
by glucose and nitrogen sufficiency conditions. Once inside, copper induces transcription of laccase genes. 
This finding could explain why a 10 to 20-fold increase in laccase activity occurs with 1 mM copper sulfate 
as opposed to cultures without copper sulfate, with the optimal concentration of yeast extract as nitrogen 
sources.1 
  
 
2.1 Introduction 
 

Fungal laccases are glycosylated, multi-copper oxidase enzymes that catalyze the 
hydroxyl functional group oxidation on various substrates and the molecular oxygen reduction 
to water [34]–[36]. Laccases can oxidize phenolic and non-phenolic compounds; therefore, 
these enzymes are attractive in many processes or biotechnological applications, such as 

                                                   
1 To be submitted: Journal of Fungi 
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bioremediation, wastewater treatment, nanobiotechnology, biofuel production, 
pharmaceutical, and food industry [50], [51]. 
 

Pleurotus ostreatus is a white-rot fungus considered a biotechnological model for 
studying and producing fungal laccases[30]. This fungus is easily cultivable on several 
synthetic or natural media [52], its genome has been decoded [53], and it contains a laccase 
multi-gene family [54]. Despite these advantages, laccase production in the P. ostreatus 
cultures is affected by complex, not fully understood laccase gene expression regulatory 
mechanisms at multiple levels. 
 

At the genome level, 12 laccase genes have been identified in the genomes of the P. 
ostreatus monokaryotic strains, mkPC15 and mkPC9 [28]. These genes are distributed on 
several chromosomes of the fungus: seven on chromosome VI (lacc1, lacc4, lacc6, lacc7, 
lacc9, lacc10, and lacc11), two on chromosome XI (lacc5 and lacc12), and only one among 
lacc3, lacc8, or lacc2 on the chromosomes IV, VII, and VIII, respectively[55]. However, the 
physiological and functional roles of each gene and the consequences of their clustering are 
still under study. 

 
At the transcriptional level, each laccase gene expression regulation is mainly 

controlled by the cis-acting elements localized upstream of the transcriptional start site in the 
promoter [56]. In addition to the TATA and CAAT putative boxes, other cis-acting elements 
in these promoter regions differ for each laccase gene on P. ostreatus. These additional cis-
acting elements can be divided into three groups i) response to nutrient-sufficient conditions 
(carbon and nitrogen sufficient) including catabolic responsive elements (CRE) and nitrogen 
binding site (NIT), ii) response to inducers such as metal responsive (MRE), xenobiotic 
responsive (XRE), and antioxidant responsive elements (ARE); and iii) response to stress 
including heat shock sequence (HSE), and stress-responsive elements (STRE) [57], [58]. The 
first and second groups, response to nutritional status and inducers, could be stimulated by 
changing the culture medium composition; however, these changes have been insufficient to 
explain the transcriptional profile of laccase in different culture conditions [59], [60]. 
Moreover, there is a lack of knowledge about how other trans-regulatory factors can interact 
and intervene at this regulation level. 
 

Other laccase regulation mechanisms occur at the post-transcriptional and post-
translational levels. These regulations could explain changes in the molecular weight of 
laccase isoenzymes or the heterogeneity observed in the electrophoretic migration patterns in 
laccase isoforms [61]. Most isolated and characterized laccases have an apparent molecular 
weight between approximately 60 and 85 kDa. Although almost all are monomers, Lacc2 
isoenzymes can be heterodimers [56], [57]. The large subunits are at least two transcriptional 
variants by alternative splicing of the lacc2 gen, whereas the small subunits are produced by 
translating the two different genes [61], [62]. Concerning the post-translational regulation 
level, N-glycosylation is the main post-translational modification in fungal laccases [63]. N-
glycosylation is critical in several biochemical aspects, such as the folding, location, and 
catalytic activity of these enzymes [64], [65]. On the one hand, N-glycosylation is the main 
challenge to produce laccases in the heterologous system [66]. On the other hand, these 
modifications are also affected by fungal growth conditions and culture medium composition 
[67]. 
 

Since laccase regulation responds to several factors in the composition of the culture 
medium, a wide range of maximum laccase activity from P. ostreatus has been reported for 
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submerged fermentation, as shown in Table 2-1. Even though several culture conditions were 
considered in all of the selected studies, in this Table 2-1, only nutritional factors as carbon, 
nitrogen source, and laccase inducer are shown. Most media had other compounds. These 
media contained different glucose concentrations as the primary carbon source, various 
organic, inorganic, single, or mixed nitrogen sources, and varying concentrations of copper 
sulfate, a known laccase inducer, and various other inducers derived from lignocellulose. This 
work focuses only on the following nutritional factors: glucose and nitrogen sources and 
concentration with and without copper sulfate inducer to keep experimentation and analysis 
viable. 

 
Table 2-1. Carbon, nitrogen, and inducer of laccase source and concentration in culture media with the 
maximum laccase activity by P. ostreatus from literature in SmF 

*Laccase activity was measured using 2, 6-dimethoxyphenol (DMP) as substrate. 
** Laccase activity was measured using 2, 2–azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as 
substrate. 
*** Laccase activity was measured using syringaldazine as substrate. 
 

P. ostreatus, like other fungi, senses carbon and nitrogen sources and their 
concentrations in the cellular environment through nutrient detection mechanisms and 
pathways [78]. Usually, these mechanisms distinguish and respond to two nutrient conditions: 

P. 
ostreatus 

strain 

Carbon 
(gL-1) 

Nitrogen 
(gL-1) 

Inducer of 
Laccase 
 (gL-1) 

Maximum laccase 
activity 
(UL-1) 

Day 
Ref. 

ATCC 32783 Glucose 
(10) 

Yeast extract (5) CuSO4 (0.25) 37490 * 20 [68] 

ATCC 32783 Glucose 
(10) 

Yeast extract (5) CuSO4 (0.25) 37000 * 18 [69] 

ATCC 32783 Glucose 
(10) 

Yeast extract (10) CuSO4 (0.25) 13000 * 13 [70] 

ATCC 32783  Glucose 
(10.5) 

Yeast extract (5) CuSO4 (0.25) 12000 * 17 [71] 

N001 Glucose 
(20) 

Potato extract (4)  CuSO4 (0.125) 80000 ** 9 [72] 

CP-50 Glucose 
(20) 

Yeast extract (10) 
Malt extract (20) 

 CuSO4 (0.125) 3780 ** 3.5 [73] 

ATCC  
MYA-2306 Glucose 

(20) 

Potato extract (4) CuSO4 (0.125) 
 Feluric acid 

(0.39) 
40000 ** 10 

[60] 

N001 
Glucose 

(10) 

Yeast extract (4)  
Malt extract (10) 

CuSO4 (0.01)  
Wheat Straw 
Water Extract 

 

600 * 24 

[74] 

PO 108 
Glucose 

(10) 

Yeast extract (2)  
Peptone (0.42) 
(NH4)NO3 (2) 

 

CuSO4 (0.005) 

490 *** 8 

[75] 

CP-50 

Glucose 
(10) 

Yeast extract (10)  
Peptone (10)  
Tryptone (5) 

 
 

CuSO4 
Lignin 

11000** 4.5 

[76] 

(Jacq.:Fr.) 
Kumm. 494 Glucose 

(10) 

Yeast extract (5)  
NH4Cl (2) 

Dry ground 
mandarine peels 

(40) 
501 10 

[77] 



22 
 

nutrient-sufficient and nutrient-limited, which are different for each organism [79]. If the 
fungus most easily assimilates the carbon or the nitrogen source, and its concentration in the 
culture medium is high, catabolic repression mechanisms are activated specifically for 
nutrient-sufficient conditions. For carbon, the mechanism is called Carbon Catabolite 
Repression (CCR) [80]. In this case, since glucose is the most assimilated sugar by 
lignocellulolytic fungi, CCR turns off certain enzymes available only in the absence or scarcity 
of this sugar [81]. CCR is regulated primarily by the transcription factor Cre [82]. On the other 
hand, for nitrogen sources, the mechanism is called Nitrogen Metabolite Repression (NMR), 
and it guarantees the preferential use of ammonium (NH4

+) or L-glutamine as nitrogen sources 
[83], [84]. In filamentous fungus, this mechanism is controlled by the transcription factor Nmr 
[85]. Both catabolic processes, CCR and NMR, have been described in other fungi, are 
redundant, and have multiple activations or inhibition checkpoints [86]–[88]. 

 
Copper is a metal cofactor in several oxidoreductase enzymes involved in cellular 

redox processes such as cellular respiration, free radical detoxification, pigmentation, collagen 
maturation, and iron acquisition [89]–[91]. This metal is present in the environment in two 
oxidation forms, Cu+ and Cu2 + [91], of which the former is recognized as a substrate for the 
high-affinity copper transporters of the CTR family [91]; hence, environmental Cu2+ should 
be reduced to Cu+ before being up-taken into the cell [92]. In the cell, these copper ionic states 
can vary in the functional copper-binding sites in proteins classified as type 1 (T1), 2 (T2), or 
3(T3) [93]. In T1, a single copper atom is coordinated by two nitrogen from two His residues, 
one sulfur from a Cys residue, and typically one sulfur from a Met residue. In T2, copper is 
coordinated by nitrogen ligands typically provided by His and oxygen ligands provided by 
Asp or Tyr residues; and the last one. T3, copper centers are binuclear because they bind two 
copper atoms, coordinated by three nitrogen from three His residues [93], [94]. As laccases, 
fungal multicopper oxidases are characterized by the presence of at least one T1 copper center, 
together with at least three additional copper atoms: one T2 and two T3 copper atoms, arranged 
in a trinuclear cluster [37]. In this multicopper catalytic center, T1 copper is involved in 
substrate oxidation, while T2 and T3 coppers catalyze the reduction into molecular oxygen 
[38]. Therefore, copper has two roles in regulating the laccase activity of P. ostreatus: as a 
catalytic site cofactor and as an inducer of the transcription of some laccase genes. 

 
Systematic research on the interactions between nutritional factors on the laccase 

activity of P. ostreatus is currently lacking; therefore, this work is aimed to consider the 
interaction between nutritional factors (carbon and nitrogen concentration) and copper sulfate 
at 1mM to determine how the medium composition affects laccase induction by copper. First 
two nitrogen sources (ammonium sulfate and yeast extract were chosen to establish which one 
best increases fungal biomass production and laccase activity in submerged fermentation. 
Yeast extract was found better than ammonium sulfate to stimulate biomass and laccase 
activity; therefore, in subsequent experimentation, glucose and yeast extract concentrations 
were varied using a central composite experimental design, which applies in the surface 
response methodology allowing for optimization. It was found that glucose and yeast extract 
concentrations do not sufficiently explain the laccase activity in cultures without copper 
inducer; however, when copper sulfate is in the culture media, both glucose and yeast extract 
concentrations influence this enzymatic activity. Moreover, glucose and nitrogen 
concentrations for optimal laccase activity were identified. Furthermore, the presence of 
copper-induced around a 20 fold increase in the laccase activity. To better understand these 
results, a transcriptome study of culture from glucose-sufficient and nitrogen-sufficient 
conditions was performed. The transcripts of transcription factor Nmr1, and genes coding for 
copper transporters, were found among the more up-regulated genes. 
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2.2 Materials and Methods 
 
2.2.1 Fungal strain and culture conditions  

 
The Pleurotus ostreatus strain ANDES-F515, provided by the Laboratory of 

Mycology and Phytopathology of the Universidad de Los Andes-LAMFU and deposited in 
the ANDES Natural History Museum (MHN ANDES), was isolated in the Bosque de la 
Merced, Santa Bárbara village, Bojacá, Cundinamarca, Colombia. The dikaryotic mycelium 
was maintained and conserved on Malt Extract Agar at 4 °C, with periodic replication of the 
growth zone for eight days of incubation at 25 ° C in the dark. 
 

The submerged fermentation (SmF) cultures were performed in 250 mL flasks 
containing 100 mL of culture medium. For the experiments made using an inorganic nitrogen 
source 1.0 or 10.0 gL-1 of ammonium sulfate (NH4)2SO4 were added in a minimum salt 
medium (MSM) composed of 0.5 gL-1 K2HPO4, 0.25 gL-1 MgSO4•7H2O, 0.1 gL-1 CaCl2, 0.5 
gL-1 KCl, 0.5 gL-1 thiamine, 2.1 gL-1 citric acids, 2.94 gL-1 sodium citrate, 6.5 final pH 
adjusted with 0.1 M NaOH, was used. For the experiments made using an organic nitrogen 
source, yeast extract 5 or 10 gL-1 and glucose were the only medium components. Glucose 
(0.5, 1.0, 10, or 20 gL-1) was added to achieve different C:N ratios in both experimental 
conditions.  

 
The elemental compositional analysis of yeast extract used in this study was 

performed and revealed a C:N ratio estimated at 4:1. 
 

Only glucose and yeast extract were used in culture media to evaluate models of 
surface response optimization using the central composite experimental design. The 
composition of these media resulted from pairwise combinations of glucose (23.8, 30.0, 45.0, 
60.0, or 66.2 gL-1) and yeast extract (4.4, 7.5, 15.0, 22.5, or 25.6 gL-1) according to the results 
front the experimental design shown in section 2.3.2 (Table 2-4). All combinations were 
tested in the absence or presence of copper sulfate pentahydrate (CuSO4•5H2O) at 0.25 gL-1 
(1mM).  

 
All SmF cultures were inoculated with five 4 mm diameter plugs taken from the 

growth zone of eight-days Malt Agar plate cultures and incubated at 25°C, 150 rpm, in the 
dark for 21 days. All experiments were performed in duplicate. 
  
2.2.2 Biomass production 

 
Fungal biomass production was gravimetrically determined at 21 days of culture. The 

culture was filtered through a previously dried and weighed filter paper using a vacuum filter 
system. The collected, filtered mycelium was dried at 45°C for 72 h and weighed [73].  

 
2.2.3 Biochemical analyses 
 
Spectrometric analyses 

Laccase activity was determined with ABTS (2,2-azino-bis(3-ethylbenzthiazoline-6-
sulfonate)) as the substrate [95]. The assay mixture contained 1 mM ABTS, 20 mM sodium 
acetate buffer (pH 5.0), and 10 μL aliquots of an appropriately diluted enzyme sample. 
Oxidation of ABTS was monitored by following the increase in 𝐴𝐴436 (ε 29.3 mM-1cm-1). A 
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laccase activity unit was defined as the enzyme required to oxidize 1 μmol ABTS per minute 
at 25 °C. Reducing sugars were measured using the 3,5-dinitrosalicylic acid (DNS) reagent 
by DNS method at 540 nm [96] using glucose as a reference for the calibration curve. 
Bradford protein assays (Bio-Rad) were used for total protein quantification. Standards and 
samples were mixed with Coomassie Blue Assay Reagent G-250 according to the 
manufacturing instructions. Each reaction was measured at 595 nm [97]. 

 
Zymogram 

Non-denaturing electrophoresis conditions (native-PAGE) were used to visualize the 
isoenzymes present in samples [98]. The stacking and running gels contained 4% and 9% 
acrylamide and were adjusted to pH 6.8 and 8.8 with Tris-HCl buffer as needed. The running 
buffer was Tris-Glycine pH 8.3. The isozymes were revealed through gel staining after the 
run with ABTS 2mM. 
 
2.2.4 RNA isolation and transcriptional analyses 
 

The fungal biomass produced in the cultures containing 45 gL-1 glucose and 15 gL-1 
yeast extract with or without 1 mM CuSO4 were harvested on day 12 of culture for RNA 
isolation. The mycelium was collected by filtration, immediately frozen in liquid nitrogen, 
and ground to a fine powder in a mortar. Then, 100 ng of the powder was transferred to a 1.5 
mL microcentrifuge tube for total RNA extraction using a Fungal RNA EZNA Kit (Omega 
Bio-Tek, Norcross, GA, USA) according to the manufacturer guidelines. Finally, the integrity 
and quantity of RNA were validated using Bioanalyzer (version 2100) and Qubit 2.0 
fluorometer. 

 
Real-time qPCR 
 

Reverse transcription (RT) was performed using 800 ng per sample of the total RNA 
to obtain cDNA in a 20 µL volume using an iScript cDNA synthesis kit (Bio-Rad, 
Alcobendas, Spain). The complete reaction mix was incubated according to manufacturing 
instructions in a thermal cycler (MJ Research, Inc). RT products were diluted 1:20 and kept 
at -20 °C until used Real-time qPCRs were performed in a CFX96 real-time system (Bio-Rad 
Laboratories, SA) using SYBR green dye to detect the product amplification [59]. Each 
reaction mixture was set to a final volume of 20 µL containing 10 µL iQ SYBR green 
supermix (Bio-Rad Laboratories, SA), 2 µL of 5 µM stock forward and reverse primers (Table 
2-2), 1 µL of RT product diluted, and 5 µL of sterile water. Cycling conditions were as 
follows: denaturation 5 min at 95 °C, 40 cycles for 15 s at 95 °C, 30 s at 63 °C, 15 s at 72 °C, 
and a final step using a linear gradient increase of 0.5°C every 5 s from 65 to 95°C. Each 
reaction was performed in triplicate, and nontemplate controls (NTCs) were included for each 
primer set. An experimentally validated inter-plate calibrator (IPC) was used to compensate 
for inter-plate variations. Crossing-point (Cp) values and relative fluorescence units were 
recorded, and the latter was used to calculate amplification efficiencies by linear regression 
using the LinReg program [99]. Sar1, gapdh1, actin1, and pep were used as reference genes 
for normalization (Table 2-2). 
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Table 2-2. Forward (Fw) and reverse (Rv) primers sequence to for the laccase and reference genes [59], 
[99], [100]. 

 
 
mRNA-seq analysis 

 
Illumina compatible libraries were prepared to be sequenced using the Illumina Nova Seq 
6000 system from an mRNA isolate originating from RNA total. Following sequencing, 
RNA-seq data were filtered for assurance quality using FastQC and trimmed with BBDuk to 
remove adapters and low-quality reads (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-
user-guide/bbduk-guide/). www.genome.jgi.doe.gov/PleosPC15_2/PleosPC15_2.home.html 
was used as a P. ostreatus genome reference for aligning the resulting reads using STAR 
v2.3.16 [101]. The parameters used to achieve a single hit mapping were: --
outReadsUnmapped Fastx --outFilterMismatchNoverLmax 0.04 --outFilterMultimapNmax 
1. The mkPC15 v2.0 reference genome was assembled entirely in twelve scaffolds (34.3 Mb 
genome size)[102]. In total, 12,330 genes were annotated in this genome [103]. The 
expression levels were quantified using Python script rpkmforgenes.py 
(www.sandberg.cmb.ki.se/media/data/rnaseq/rpkmforgenes.py) to calculate values of reads 
per kilobase of transcript per million mapped reads (RPKM). 

 
2.2.5 Differential gene expression analysis and gene annotation 
 

Differentially expressed gene (DEG) analyses were performed using the EdgeR 
Bioconductor package and a dispersion parameter of 0.1. These analyses determined the 
transcriptional changes in the two culture conditions by comparing the gene expression values 
based on read counts. The gene expression values with Log2 fold changes of read counts with 
a p-value < 0.01 and an FDR (False Discovery Rate) < 0.05 as the cut off for statistical 
significance were used.  A DEG with log2 Fold Change ≥ -2 was established as an upregulated 
gene, and log2 Fold Change ≤-2 was established as a downregulated gene 

 
The genes annotations were based on the Joint Genome Institute (JGI) automated 

annotation to transcript identifications of the mkPC15 v2.0 reference genome. JGI automated 
annotation uses the following databases: Gene Ontology (GO), Kyoto Encyclopedia of Genes 
and Genomes (KEGG), InterPro (IPR), Eukaryotic Orthologous Groups (KOG) and Enzyme 
Commission numbers (EC number), Transporter Classification Database (TCDB), 
Carbohydrate-Active EnZymes (CAZymes) and MEROPS database ( proteolytic enzymes) 

Gene name1 Primer sequence 
(Fw) 

Primer sequence 
(Rv) 

lacc1 GGTACATCCTAGCACCCAATG GACGAGATCAGTTTCCAAGAGG 
lacc2 CCCTGGCAGATTGGTATCATG ATGACAGCGTAAGGGACAAG 
lacc3 TCGTTTCCGTCTCGTTTCTC CTGCGAAGATTTGGATGCTGG 
lacc4 CCCCATCCTTTCCATCTTCAC TAGTTATACACCGAGCTTCCG 
lacc5 CGCATTTGCCGCTTTCTT GGTGACTAGGACTGAGTATCTC 
lacc6 GTACAACTACGAAAACCCCG CAAGGTCAAGATGCCAGT 
lacc7 GTTGATAGCCTCCAGATCTTCG GTAGGATGGCGGAGTTGATG 
lacc8 CATTGGCTGTGACTCGAA GGATCAGAGAATAGCGTTGG 
lacc9 CTATCCTTCGGTATGCTGGTG ATATTGATGTCTGCGCCTCC 

lacc10 CCTACTTCCCCTTTGGCTATC ATGACGAGCAAAGAGTGACC 
lacc11 CCTGAATGGTCTGATCTCTGC CCTATGACTTGGGCTCTTCG 
lacc12 GTACTCATTTTCGGCTCCTG CCACGTAGTCCATCGCAATA 
sar1 GGATAGTCTTCCTCGTCGATAG GGGTGCGTCAATCTTGTTAC 

gapdh1 TGGTCCATCGCATAAGGA ACACGGAAGGACAAACCA 
actin1 AGTCGGTGCCTTGGTTAT ATACCGACCATCACACCT 
Pep GATTCCAGAGGACAAGGACGCAA AAATCTTCCGCGATACGGGTCACT 

https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/
https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/
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[104]. In the case of unannotated genes, the Basic Local Alignment Search Tool (BLAST) 
was used to find local similarity between JGI sequences unannotated and The National Center 
for Biotechnology Information (NCBI) standards database sequence [105], [106]. 

 
2.2.6 Statistical analyses 

 
Minitab® version 18 software was used to construct the statistical design, evaluate 

statistical significance, obtain the regression models, and find the simultaneous local optimum 
of one or more response variables. 
 
2.2.7 Principal component analysis (PCA) 
 
A principal component analysis (PCA) was performed to explore the correlations between 
nutritional variables, glucose, ammonium sulfate, and yeast extract with the production of 
fungal biomass and laccase activity with and without copper sulfate, and was done using the 
data shown in in the results section 2.3.1 (Table 2-3) 

 
2.2.8  Central Composite Design (CCD)  

 
The central composite experimental design allows for the estimation of the curvature 

of a response surface for a chosen response variable (y) and the estimation of the terms (β y 
ε) of a first degree (1) or second degree (2) regression model that allows for the calculation 
of an optimal point 

𝑦𝑦 =  𝛽𝛽0 + 𝛽𝛽1𝑥𝑥1 +   𝛽𝛽2𝑥𝑥2 +  𝜀𝜀                (1) 

𝑦𝑦 =  𝛽𝛽0 +  𝛽𝛽1𝑥𝑥1 +  𝛽𝛽2𝑥𝑥2 + 𝛽𝛽11𝑥𝑥112 + 𝛽𝛽22𝑥𝑥222 + 𝛽𝛽12𝑥𝑥1𝑥𝑥2 + 𝜀𝜀    (2) 
 
Factorial ANOVAs were performed to determine the main effect and interaction effects on 
chosen variables on the response variable laccase activity and biomass production. 

 
 
2.3. Results 
 
2.3.1. Effects of inorganic and organic nitrogen source on laccase activity 

 
The effect of nitrogen source and carbon-nitrogen ratio (C:N) were evaluated in 

submerged fermentation cultures of P. ostreatus. The composition of these culture media, 
fungal biomass production, final glucose concentration, and maximum laccase activity at 21 
days of fungal growth are shown in Table 2-3. These results showed that the highest biomass 
production and laccase activity were obtained in cultures with yeast extract as the nitrogen 
source. In comparison, the highest final glucose concentration, lower biomass, and all laccase 
activities inferior to 10 UL-1 were obtained when the nitrogen source was ammonium sulfate. 
Therefore, when the nitrogen source was yeast extract, the maximum laccase activity 
increased an average of 16-fold compared to the laccase activity observed in similar cultures 
with ammonium sulfate as a nitrogen source. Using yeast extract as a nitrogen source, the 
magnitude of laccase activity seems to depend on glucose concentration and C:N ratio. 

 
On the one hand, the highest laccase activity was produced in the cultures with the 

highest glucose concentration. On the other hand, higher laccase activity was obtained in 
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cultures with the lowest C: N ratio concerning cultures with the same yeast extract or glucose 
initial concentrations in their composition. Because the lower C: N ratio indicates more 
nitrogen disponibility than higher C:N ratios in the culture, both results suggest that laccase 
activity is dependent on carbon-sufficient and nitrogen-sufficient conditions. 

Table 2-3. Biological growth parameters of P. ostreatus in culture media with ammonium sulfate or yeast 
extract in SmF 

 
 
The results from the principal components analysis (PCA) are shown in Figure 2-1. 

In this figure, most data were grouped into three principal components. These three 
components explain 93.3 % of the variation in the data, with the first two dimensions (PC1 
and PC2) accounting for most of the correlation of all measured variables (53.7 % and 26.3 
%, respectively). In the first component, this analysis shows that the maximum laccase 
activity correlates with the highest values of yeast extract in the culture medium. On the other 
hand, high initial glucose concentrations positively correlated with C: N ratios and fungal 
biomass production. In the second component, the ammonium sulfate correlates with the 
highest undigested glucose left in the culture media, suggesting low fungal assimilation of 
glucose when ammonia sulfate is the nitrogen source. These results support that yeast extract 
is a more assimilable nitrogen source than ammonium sulfate for the evaluated culture media 
conditions. Furthermore, from this analysis, it is possible to infer that the organic nitrogen-
sufficient conditions result in an increment of laccase production. 

 

 
Figure 2-1. PCA of biological parameters of growth of P. ostreatus in culture media with ammonium sulfate or yeast 
extract in SmF. The purple triangles represent culture media with ammonium sulfate, and the green triangles media 
with yeast extract. 
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1.0 0 1.0 2:1 0.39 ± 0.02 0.58 ±0.02 3.40 ± 0.58 
1.0 0 10.0 22:1 1.30 ± 0.18 6.86 ±0.97 6.35 ± 3.07 
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Sometimes nutrient-sufficient and nutrient-limited conditions in the culture medium 
can induce morphological changes in the hyphae of some filamentous fungi. Therefore, these 
morphological changes were explored and shown in Figure 2-2, which shows some 
representative pictures of fungal hyphae found in these cultures after seven days. Because P. 
ostreatus F515 is a dikaryon strain, clamp connections were searched on terminal hyphal 
pellets. Clamp connections in different formation states were found using ammonium sulfate 
(Figure 2-2, a-d) or yeast extract (Figure 2-2, e-h. The main differences observed in the fungal 
hyphae were the shape and frequency of vacuoles found in both apical and sub-apical cells. 
Interestingly, when yeast extract was used, the highest nitrogen-limited condition (Figure 2, 
g) produced fungal hyphae with the highest vacuolated pattern. Moreover (as shown in Table 
2-3), this nutrient-limited condition showed the lowest laccase activity among yeast extract 
cultures.  

 

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

Figure 2-2. Clamp connection in terminal hyphae from P. ostreatus cultures at seven day of culture using different 
nutrient conditions represented as C:N ratio: (a) 1:1; (b) 2:1; (c) 22:1; (d) 2:1; (e) 5:1; (f) 14:1; (g) 23:1; and (h) 
14:1.Nitrogen source used was ammonium sulfate (a-d) and yeast extract (e-h).  

Although vacuoles were observed in the hyphae when ammonium sulfate was used, 
the vacuolated patterns are unclear. Fewer vacuoles occurred in the medium with the highest 
glucose concentration and the lowest ratio C:N (Figure 2-2, c), compared to those observed 
in a medium with the same glucose concentration and a higher C: N ratio (Figure 2-2, d). 
However, laccase activity (Table 2-3) in both conditions was similar. 

 
Finally, when vacuolated pattern fungal hyphae from two yeast extract nutrient-

sufficient conditions were compared to each other, the results suggest that nutrient-sufficient 
conditions, both for nitrogen and for glucose, are needed to increase laccase activity by P. 
ostreatus. Few vacuolated patterns in fungal hyphae were observed from the culture with the 
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nitrogen-sufficient conditions (Figure 2-2, e). This condition showed the highest laccase 
activity production per gram of biomass in the culture, while some vacuolated patterns were 
observed in fungal hyphae with the highest laccase activity grown in carbon-sufficient 
conditions (Figure 2-2, g). 

 
2.3.2. Effect of glucose and yeast extract concentrations on laccase activity  

 
Increased fungal biomass production is usually a sign of sufficient nutrient conditions 

when carbon and nitrogen sources are assimilable in the culture media in the presence of 
sufficient concentration of other growth factors. Therefore, different yeast extract and glucose 
concentrations were tested to find which culture medium composition maximizes P. ostreatus 
biomass production in SmF. The results from the central composite experimental design 
(CCD) are shown in Table 2-4. In all of these experiments, the measured maximum laccase 
activity was correlated with yeast extract and glucose concentrations to determine how this 
composition affected laccase activity. All CCD culture media were tested with 1 mM laccase-
inducing copper sulfate, as well. These results are shown in Table 2-4 and Figure 2-3.  

Table 2-4. Biomass and maximum laccase activity (MLA) in culture media of P. ostreatus with different 
concentrations of yeast extract and glucose from a central compound design (DCC). 

Culture 
Name* 

 
Factors  

Biomass  
(gL-1) 

Log10 
MLA* (UL-

1) 

Biomass  
(gL-1) 

Log10 MLA 
** (UL-1) 

 Glucose  
(gL-1) 

Yeast     
Extract 
(gL-1) 

   
Copper sulfate 
(Cu2+ ) 1mM 

GY3008 30.0 7.50 9.25 2.69 10.4 3.82 
GY6008 60.0 7.50 15.3 3.09 15.6 2.65 
GY3023 30.0 22.5 11.2 2.76 9.71 4.22 
GY6023 60.0 22.5 8.68 3.12 11.0 4.02 
GY2415 23.8 15.0 12.2 3.18 10.9 4.17 
GY6215 66.2 15.0 10.9 2.88 12.9 4.13 
GY4504 45.0 4.39 5.29 1.99 6.13 2.22 
GY4526 45.0 25.6 10.7 3.17 15.5 3.80 
GY4515 45.0 15.0 16.6 3.11 22.4 4.50 
GY4515 45.0 15.0 14.5 3.06 19.8 4.47 
GY4515 45.0 15.0 16.9 3.12 19.4 4.48 
GY4515 45.0 15.0 19.5 3.03 19.1 4.40 
GY4515 45.0 15.0 16.5 2.99 19.0 4.41 

* In the sample name G and Y stand for glucose and yeast-extract, respectively, while the first two digits refer to the 
initially added glucose and the last two digits refer to the initially added Yeast-extract. 
** MLA refers to the maximum laccase activity to the 21st day of culture. 
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(a) (b) 

  
(c) (d) 

 

Figure 2-3. Contour plots of yeast extract and glucose concentration vs. (a) Biomass production in cultures without 
copper sulfate; (b) Maximum laccase activity (Log10 MLA) production in cultures without copper sulfate; (c) 
Biomass production in cultures with copper sulfate; (d) Maximum laccase activity (Log10 MLA) production in 
cultures with copper sulfate.  

The CCD model fit to a quadratic model was adequate (p-value <0.05) to explain 
changes in the biomass production as a function of glucose and yeast extract concentrations 
with R2 0.8231 and 0.8035 for fungal biomass production with and without copper sulfate, 
respectively. On the other hand, the laccase activity induced by copper sulfate was adequately 
explained by a quadratic model (p-value <0.05) with glucose and yeast extract concentration 
as varying factors (R2 0.9560); however, in the absence of a laccase inducer (i.e., the copper 
salt) in the culture, the media composition was statistically insignificant (p-value >0.05) and 
insufficient (R2 0.4039) to explain this response variable. 

 
According to the CCD models, the contour plots (Figure 2-3, a, c) showed that 

biomass production was affected by the main effects squared both for glucose and yeast 
extract concentrations and both in the absence and presence of copper sulfate. The optimum 
point for biomass production contained 45 and 15 gL-1 glucose and yeast extract, respectively 
(experiment noted as GY4515) for cultures with and without copper. Optimum biomass 
production in the culture medium with copper was experimentally slightly better, and the 
model successfully predicted this result. 

 
In the case of maximum laccase activity (Figure 2-3, d), the CCD model showed that 

this response variable was affected by the main effect of yeast extract concentration and the 
interaction between the glucose and yeast extract concentrations. The experimental maximum 
laccase activity from the culture media GY4515 was close to where the model predicted the 
maximum laccase activity. The laccase activities from GY4515 with copper sulfate were 1.4 
to 1.5 logarithmic units greater than GY4515 without copper sulfate (Figure 2-3, b, d). 
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2.3.3. Characterization of the growth and laccase activity of P. ostreatus under nutrient- 
sufficient conditions with and without copper sulfate. 

 
The GY4515 composition medium was selected to characterize the growth of P. 

ostreatus in the presence and absence of 1 mM copper sulfate. For this characterization, 
biomass production, glucose consumption, total protein, and laccase activity were measured 
at different culture times until day 21 (Figure 2-4). The fungal growth profiles in both cultures 
(Figure 2-4, a) showed two phases characteristic of diauxic growth. The maximum specific 
growth rates (µmax) were 0.52 and 0.69 d-1 for the copper-free and copper sulfate-containing 
media. Although µmax was 32% higher in the presence of copper, the total biomass produced 
at the end of the culture time (21 d) was similar in both systems (17 and 20 gL-1, respectively) 
(Figure 2-4, a).  
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Figure 2-4. Growth profile of P. ostreatus in GY4515 culture media: (a) Biomass production; (b) glucose consumption; 
(c) total protein in culture extract; and (d) laccase activity. Black circle- discontinuous line (no copper sulfate), scale 
on the right. Black square -continuous line (copper sulfate 1mM), left scale. 

The glucose consumption profile was similar in both systems. Glucose concentration 
decreased with the culture time to a final glucose concentration equivalent to 20% of the initial 
concentration (Figure 2-4, b). At the same time, the total protein concentration increased in 
both systems. In the medium with copper sulfate, the total protein was 20% higher than in the 
culture media without copper (Figure 2-4, c). 
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The most significant difference between both cultures was the laccase activity profile. 
While the highest laccase activity values in the medium without copper sulfate were detected 
before day 12th, the highest activity values occurred beyond this day in the media with the 
laccase inducer. At the end of the culture, the laccase activity decreased in the media without 
copper, while it tended to continue increasing when the inducer was present. A minimum 10-
fold higher laccase activity was obtained by adding 1 mM copper sulfate to the culture media. 
These results suggest that the regulatory mechanisms of laccase activity are different in both 
systems. 

 
2.3.4. Transcriptome analysis of P. ostreatus under nutrient-sufficient conditions with and 
without copper sulfate. 

 
The top 10 more regulated and differentially expressed genes revealed by the analysis 

of the P. ostreatus transcriptome in the GY4515 culture medium with o without copper sulfate 
are shown in Figure 2-5 and Table 2-5. These results show that laccase gene transcripts 
lacc10, lacc6, and lacc2 are among the top 10 differentially overexpressed transcripts with 
copper in the media. Furthermore, the transcripts of the small subunit of laccase POXA3a, 
two cupredoxin, the unknown gen similar to pox2 gene, and a transcript with copper-binding 
domains showed a metabolism adapted to the presence of this compound. Interestingly, five 
gene transcripts of unknown function were among the 10 most overexpressed genes in the 
absence of copper sulfate. Of the five remaining transcripts identified, three suspected copper 
transporters made it to the top-10-list. Also, lipid transporters and the regulator of nitrogen 
metabolism, Nmr, were identified. Last but not least, these results showed that in the GY4515 
medium, the yeast extract and the concentration used could induce the metabolic repression 
of nitrogen. This result is corroborated by the overexpression of a transcript with an NMR-
like domain. These results suggest repression by nitrogen could be related to the regulation 
of copper transporters that, once present in the culture medium, facilitate the entry of this 
metal into the fungal cell and induce the transcription of genes lacc2, lacc6, and lacc10.  
Furthermore, the P. ostreatus transcriptome from the GY4515 culture medium with copper 
sulfate revealed that the lacc2, lacc6, and lacc10 genes responded to the addition of this 
laccase inducer under nutrient-sufficient conditions. 
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Figure 2-5. Differential gene expression (DGE) analysis of P. ostreatus in culture GY4515 vs. GY4515 + Cu2+: 
(a) The top 10 of upregulated genes and (b) The top 10 of downregulated genes 
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Table 2-5. Transcript identification (Id.) and annotations for 10 DEG transcripts in P. ostreatus from 
cultures in GY4515 medium with or without copper sulfate. 

JGI PC15 
V2.0 

Transcript 
Id. 

JGI Annotations 

 
 
Short name 

JGI PC15 
V2.0 

Transcript 
Id. 

JGI 
Annotations 

 
Short 
name 

GY4515 + Cu2+ GY4515 

1089723 
Multi-copper oxidase 

Laccase 
Lacc10 (PoxC) 

 
Lacc10 

 
1095975* 

(unannotated 
gen) 

Similar to  
Pleurotus sp. 
'Florida ctr1 

gene for copper 
transporter, 
exons 1-3  

 
ctr1 

1105204* 

(unannotated gen) 
Similar to  

Phenol oxidase (pox2) 
gene  

Pox2 159791 Fungal 
uncharacterized 

conserved 
protein  

Unk_1 

1097654 Cupredoxin domin 
Cup 1092022 Copper 

transporter, 
Ctr1p 

Ctr1p 

1113032 
Multi-copper oxidase 

Laccase 
Lacc6 (PoxA1b) 

Lacc6 1086646 P. ostreatus 
uncharacterized 

conserved 
protein  

Unk_2 

1067572 Small subunit of laccase 
PoxA3a 

PoxA3a 1088435* (unannotated 
gen) 

Similar to  
Pleurotus sp. 
'Florida' ctr1 

gene for copper 
transporter, 
exons 1-3  

ctr1 

1063469 Cytochrome P450 CYP2 
subfamily 

P450 1090041 P. ostreatus 
uncharacterized 

conserved 
protein 1 

Unk_3 

1087630 Blue (type 1) copper 
domain 

Cu-d 1090781 No significant 
similarity 
found1 

Unk_4 

1105457 
Predicted E3 ubiquitin 

ligase/Zinc finger, 
C3HC4 type 

E3_Zn 1099858 Polyketide 
cyclase 

PC 

1067328 Multi-copper oxidases 
Lacc2 

Lacc2 171939 NmrA-like 
family 

Nmr 

1062660 

Nuclear pore complex, 
Nup98 component (sc 

Nup145/Nup100/Nup116) 
Cupredoxin 

NPC98/Cup 1077411 P. ostreatus 
uncharacterized 

conserved 
protein1 

Unk_5 

 *The Basic Local Alignment Search Tool (BLAST) was used to find local similarity between JGI sequences unannotated and The National Center for 
Biotechnology Information (NCBI) standards database sequence [105], [106]. 
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2.3.5 Analysis of laccase gene transcripts 
 

The relative quantification of the transcripts of the 12 laccase genes annotated in the 
P. ostreatus genome was carried out to determine the genes responsible for the activity in the 
GY4515 medium with and without the laccase inducer copper sulfate. In Figure 2-6, the 
results show that in the absence of copper sulfate, the lacc2 gene transcript was the only one 
significantly up-regulated, while in the presence of this laccase inducer, the lacc2, lacc6, and 
lacc10 gene transcripts were the most highly expressed. To a lesser extent, the transcripts of 
lacc3 and lacc5 genes were also overexpressed in the presence of copper sulfate. The lacc8 
gene could not be amplified. 
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Figure 2-6. Relative quantification to the twelve P. ostreatus laccase genes in GY4515 medium, on day 12 of 
culture. Blue bar: GY4515 without copper sulfate. Red bar: GY4515 with copper sulfate, 1mM  

2.3.6 Effect limited-nutrition conditions on laccase production 
 

As copper-induced laccase activity depended on both glucose and yeast extract 
concentration, the effects of copper in nutrient-limited conditions were tested. For this, two 
cultures in nutrient-limited conditions, carbon- and nitrogen-limited conditions, were chosen 
as follows: The carbon-limited medium was glucose, 5.0 gL-1, and yeast extract, 15 gL-1 
(GY0515); the nitrogen-limited medium was glucose, 45 gL-1, and yeast extract, 4.0 gL-1 
(GY4504). The electrophoretic migration patterns of the native proteins of crude extracts of 
the GY4515, GY0515, and GY4504 media and laccase activity are shown in Figure 2-7 for 
both the 12th and 21st culture days in the absence and presence of copper.  
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Figure 2-7. Zymogram of laccases in extracts crude in culture media with different nutrient conditions at 12th or 
21st days of culture. Lane 1. Molecular weight marker (WM). Left to right. Lane 2-3 nutrient-sufficient condition 
GY4515 day 12 (GY4515). Lane 4-5 carbon-limited condition GY0515 day 12 (GY515). Lane 6-7 nitrogen-
limited condition GY4504 day 12 (GY4504). Lane 8-9 nutrient-sufficient condition GY4515 day 21 (GY4515-
21). Medium without copper (-), with copper (+). Laccase activity is presented as log10 (UL-1) 

In the zymogram (Figure 2-7), the migration patterns and intensity of bands changed 
depending on the presence or absence of copper sulfate, the composition of the culture 
medium and the culture day. In the absence of copper sulfate, only two weak bands sized 
around 40 KDa are present, which coincide with the laccase activity for all these extracts 
cultures on day 12th of culture around two logarithmic units (Figure 2-7, lane 2, 4, and 6). 
The addition of copper sulfate to the nutrient-sufficient conditions medium, GY4515, 
revealed four bands, two at the size of 70 kDa, and other two at 40 kDa. The laccase activity 
in the extracts evaluated on days 12th and 21st were of more than four logarithmic units UL-1 

(Figure 2-7, lane 3 and 9). In the nutrient-limited conditions medium, the pattern of bands 
was such that in the carbon-limited conditions medium (GY0515), where the laccase activity 
was around two logarithmic units higher in the copper sulfate medium than in the similar 
culture without copper, only two stronger intensity bands appeared at 40 kDa. In contrast, in 
the nitrogen-limited cultures GY4504, the addition of copper sulfate was insufficient to 
increase laccase activity. For these cultures, only one weak band appeared at 40 kDa. 

 
In conclusion, the isoenzymes induced by copper are affected by different nutrient-

conditions. In nitrogen-sufficient conditions, that are also carbon-limited, the expression of 
isoenzymes around 70KDa (Presumably lacc6) is negatively affected, while the isoenzymes 
Lacc2 and Lacc10 (around 40 KDa) are positively affected. All isoenzymes induced by copper 
were negatively affected in the inverse nutrients conditions (i.e., in carbon-sufficient 
conditions and nitrogen-limited). These results show an important effect of nitrogen-limited 
laccase activity induced by copper, suggesting that processes associated with organic nitrogen 
metabolisms influence copper uptake. In contrast, in nitrogen-sufficient that are 
simultaneously, the carbon-limited conditions, only some specific laccase isoenzymes 
induced by copper are affected. In these carbon-limited conditions, laccase activity is still 
influenced by copper because there is probably copper uptake. 
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2.3.7. Hyphal morphology of P. ostreatus under nutrient different condition with copper 
 

In the absence of copper, the nitrogen-limited conditions culture produced evident 
vacuolated patterns in the hyphal morphology (Figure 2-2, g; section 2.3.1). In this section, 
the hyphal morphology was observed in three selected nutrient-conditions with copper, these 
were: nutrient-sufficient (GY4515), carbon-limited (GY0515), and nitrogen-limited 
(GY4504).  The micrographs of the clamp connections in terminal fungal hyphae at seven 
days of culture are shown in Figure 2-8. The results showed that fungal hyphae from all 
nutrient conditions medium had clamp connections. Fungal hyphae in nutrient-sufficient 
condition, GY4515, had a no-vacuolated pattern. However, in both nutrient-limited 
conditions, some level of vacuolation was observed. In hyphae from the carbon-limited 
medium, GY0515, this level vacuolated pattern was barely observed, while it was clear in 
hyphae from the nitrogen-limited medium, GY4504. These results showed that nitrogen-
limited conditions had a stronger relationship with the vacuolated patterns. Moreover, 
nitrogen-limited conditions affected laccase induction by copper. All these results again 
suggest a likely relationship between nitrogen metabolisms and copper uptake. In this 
relationship, P. ostreatus in initial nitrogen-limited conditions medium produce hyphal with 
vacuolated morphology. From the transcriptomic analysis results, these hyphal could have a 
lower expression level of copper transporters such as ctr1 than hyphal obtained in the 
nitrogen- sufficient condition. Consequently, copper uptake mechanisms are less prevalent in 
nitrogen-limited than in nitrogen-sufficient conditions, affecting laccase genes regulation by 
transcriptional mechanisms in the cis-acting elements promoter sequences as metal 
responsive elements (MRE) [56]. 

 
 

   
(a) (b) (c) 

 
Figure 2-8. Clamps connections in the terminal hyphae of P. ostreatus in culture media with different nutrient 
conditions and copper sulfate 1mM at seven culture day: (a) nutrient-sufficient condition, GY4515 + Cu2+; (b) 
carbon-limited condition, GY0515 + Cu2+; (c) nitrogen-limited condition GY4504 + Cu2+.  

 
2.4. Discussion 

 
In this study, the search for regulatory factors of laccase secretion by P. ostreatus was 

approached through selected the changes in the composition of the culture medium in 
submerged fermentation. This approach focused on achieving nutrient-sufficient conditions, 
only carbon-sufficient conditions, only nitrogen-sufficient conditions, and assessing laccase 
activity in the culture media in the absence or presence of laccase-inducing copper sulfate. 



37 
 

When the culture medium composition with sufficient carbon and sufficient nitrogen was 
found, profiles of fungal growth were compared, and laccases gene family transcriptional 
local and global analyses were performed through high-resolution techniques such as Real-
time qPCR and RNA-seq. These comparisons showed the main change in P. ostreatus growth 
with and without copper was laccase activity by the copper-induction of three laccases genes, 
lacc2, lacc6, and lacc10. At the transcriptional level, fungal growth without copper 
overexpressed copper transporter of high affinity (ctr1) and the transcriptional factor, 
Nitrogen Metabolic Repression (nmr), a signal of nitrogen sufficient condition. Nitrogen-
sufficient conditions could mainly regulate the crt1 expression because in nitrogen-limited 
conditions, laccase inducing by copper sulfate was lower than carbon-limited conditions. 

 
Laccase activity in P. ostreatus and other white-rot fungi has been frequently reported 

to be affected by nitrogen sources [107]. Therefore, we tested the effect of ammonium sulfate 
and yeast extract on laccase activity. Ammonium sulfate was insufficient to increase laccase 
activity at different nutrient concentrations (C: N ratio). Although in other studies, the 
increase of ammonium sulfate concentration increased laccase activity in the culture [108], 
the positive effect of a lower C: N ratio (nitrogen - sufficient conditions) seems to depend on 
the complex carbon source and the culture in solid-state fermentation (SSF) [109]. On the 
contrary, we found a positive effect of yeast extract on laccase activity.  This positive effect 
was also reported in both SmF [110] and SSF [111]. 

 
Because we explored the fungal microscopic-morphological changes in terminal 

hyphae with clamps connections in culture media using ammonium sulfate or yeast extract, 
we observed interesting microscopic-morphological changes according to the sources of 
nitrogen and the C:N ratios. A large pattern of vacuoles was found using yeast extract. This 
behavior was studied in hyphae of C. albicans, which were cultivated in nutrient-rich media 
showing fewer vacuolated compartments than hyphae grown in low nitrogen media. 
Compared to that reported for this pleomorphic fungus, our results are similar[112]. The P. 
ostreatus hyphae grown in nutrient-rich media had fewer vacuolated compartments similar to 
those reported for C. albicans. Our study showed more vacuolated compartments grown in 
media with low nitrogen content in the culture media with higher C:N ratios. In another study, 
P. ostreatus was cultured in Potato-Dextrose-Yeast-extract (PDY). The pellets from the 
culture media showed a young mycelium barely vacuolated (at the 5th culture day); however, 
when glucose concentration decreased for the culture time, the old mycelium was vacuolated 
(at the 12th culture day) [72]. Therefore, those vacuolated patterns in young mycelium of P. 
ostreatus in SmF seem to signal nutrient-limitation in this fungus that could affect laccase 
activity. 

 
Another sign of nutrient-sufficient conditions for carbon and nitrogen was tested, a 

culture medium whose composition increased biomass production using only glucose and 
yeast extract in the culture medium. At the same time, the effect of glucose and yeast extract 
concentrations on laccase activity in the absence and presence of 1 mM copper sulfate was 
also evaluated. The GY4515 medium was the composition closest to the maximum biomass 
production predicted by the statistical model. Surprisingly, the effect of the nutrient 
conditions in laccase activity was strongly dependent on copper sulfate in the culture medium. 

 
Without copper sulfate, the glucose and yeast extract concentrations were insufficient 

to explain the changes in laccase activity in the different culture media evaluated in this study. 
However, increasing the glucose concentration from 5 to 20 gL-1 resulted in a more than five-
fold increase in laccase activity. An additional increase of up to 40 gL-1 in glucose 
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concentration did not improve the laccase activity. On the contrary, lower activities were 
obtained [113]. In reports for another fungus, Cerrena sp., high carbon and nitrogen 
concentrations in the fermentation medium were beneficial for laccase production. In contrast, 
regardless of carbon concentration, low nitrogen concentrations drastically reduced laccase 
production [114]. However, the composition of the culture medium had little influence on 
laccase activity in P. ostreatus nutrient-sufficient conditions when the fungus grew in a 
culture medium with a lot of glucose 102.68 gL-1 and yeast extract 43.65 gL -1 concentrations, 
where the lignocellulosic biomass pretreatment and laccase activity improved the 
pretreatment system [115].  

 
With copper sulfate, the changes in laccase activity in the different culture media were 

statistically explained by the glucose and yeast extract concentrations evaluated using a CCD. 
Here we only tested a fixed concentration of copper sulfate (1 mM) because this was the 
concentration that had the highest increase in laccase activity when different copper sulfate 
concentrations (0.5 to 5 mM) were tested in P. ostreatus in SmF [116]. In other studies in P. 
ostreatus and other fungi, the design of experiments (DOE) of response surface methodology 
was also used; however, copper sulfate and nutritional factors were tested at various 
concentrations[111], [113], [117]–[120]. Despite this, the main finding was similar to the 
finding in this study: nutritional factors, mainly organic nitrogen source and copper 
concentrations, showed an interaction effect. This interaction effect increased laccase activity 
considerably in the culture media. Therefore, evidence was collected to infer that fungal 
biomass in nutrient-sufficient conditions is more susceptible to laccases inducers than in 
nutrient-limited culture conditions. However, when the profile of P. ostreatus growth in 
GY4515 was characterized with and without copper, the main difference was laccase activity. 
Furthermore, the local transcriptional analysis of the laccase gene family showed that lacc2, 
lacc6, and lacc10 were overexpressed in the culture with copper. 

 
Copper-induced laccase isoforms enzymes were previously identified in SmF [121]. 

The most abundantly secreted with the highest migration pattern Lacc10 (PoxC), then Lacc2 
(PoxA3) showed an intermediate migration pattern [61], and Lacc6 (PoxA1b) was the one 
that presented the lowest migration pattern [98]. However, the zymogram analysis in this 
study showed four laccase isoenzymes. The transcriptome analysis found lacc2, lacc6, 
lacc10, pox2, and PoxA3a among the top 10 overexpressed transcripts. This last transcript 
does not code for a laccase enzyme but for a protein that can form heterodimers with Lacc2 
(PoxA3) [61], [122]. We do not know if any laccase heterodimeric was present in the analyzed 
enzymatic crude extract; however, four bands in the zymogram analysis suggest Lacc6, 
Lacc2, Lacc10, and another isoform. 

 
It is noteworthy to observe how these isoforms changed in the nutrient-limited 

conditions in the culture medium. In carbon-limited conditions, the two bands at 70 KDa 
disappeared, while in nitrogen-limited conditions, two bands at 70 KDa and two bands at 40 
KDa were drastically affected. These results may support the idea that nutrient-sufficient 
conditions confer the fungus more susceptibility to laccase inducers. A marker for nutrient-
sufficient conditions was found on the nmr1-like transcript listed in the top ten transcripts in 
culture without copper. In these nutrient-sufficient conditions, three ctr1 copper transporters 
were also found. This copper transporter has already been shown to negatively regulate CTR1 
transcription in the dikaryon strain dkN001 and its monokaryon parents mkPC9 and mkPC15 
of P. ostreatus [123]. 
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 2.5. Conclusions 
 

This study describes a systematic analysis of the composition of the culture medium 
based on two nutritional factors, glucose as a carbon source and ammonium sulfate or yeast 
extract as nitrogen sources. This analysis determined what type of nitrogen source and what 
combination of glucose and yeast extract concentrations favored the production of fungal 
biomass and laccase activity induced by copper. The nutrient-sufficient conditions for both 
carbon and nitrogen in P. ostreatus cultures favored the expression of a transporters family 
of genes with a high affinity to copper: the CTRs, which were able to incorporate copper from 
the environment. This effect was evidenced by an increase in copper-dependent laccase 
activity by 20 fold, the presence of four laccase isoforms that were detectable in zymogram, 
and by an increase of three laccase transcripts lacc2, lacc6 and lacc10 determined by real-
time qPCR and RNAseq. 
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Chapter 3 
Role of copper-induced laccases and 

lignocellulose derived compounds on the rice 
husks modifications  

  
ABSTRACT: In this study, rice husks were pretreated with enzymatic extracts produced by Pleurotus ostreatus 
in different culture media. Six media compositions were selected to produce the crude enzymatic extracts used 
for rice husks enzymatic treatments. This selection was done after establishing the change in laccase activity in 
16 glucose, and yeast-extract (GY) based culture media supplemented with lignocellulose derived compounds 
(LDC) (such as carboxymethylcellulose (CMC), xylose, and lignin), and copper sulfate; using a complete 
factorial design aimed to determine the statistical significance of the controlled variable. The extracts produced 
in the selected culture media differed in laccase activity, total protein concentration, and isoenzymes of laccase 
found in the extract. The compositional characterization of the rice husks treated with these extracts showed a 
lignin loss between 24 and 37%. The enzymatic treatments also modified cellulose and hemicellulose fractions 
with removal percentages around 1 to 23% and 13 to 47%, respectively. Despite the decrease laccase activity and 
the induction of additional laccase isomorphs, in the extracts produced with a high concentration of lignin with 
copper, rice husks from this treatments showed the largest deslignification (37%), functional group modification, 
and microstructure differences which suggest that previous lignin metabolisms in the culture of P. ostreatus could 
produce molecules that improve delignification. An attenuation of bands associated with carbonyl functional 
groups and aromatic skeletal was evident in the FTRI spectra of the treatment of rice husks with lignin and copper, 
and a greater degree of degradation of the microstructure of the husks with this treatment was also observed (as 
seen through Scanning Electronic Microscopic).2 
 

3.1 Introduction 
 

The abundant (750 MT in 2019 worldwide [4]) and speeded production of the 
staple food rice, with the subsequent byproduct rice-husk (between 20 and 30% of the 
weight of paddle rice [3]) together with the composition and morphological 
characteristics of the latter establish this biomass as an attractive renewable feedstock 
for fuels and chemicals but a recalcitrant one [124].  

 
The rice husks biomass is a lignocellulosic material, rich in cellulose, 

hemicellulose, lignin, ash, and other extractable substances, with varied compositions 
[7]. Cellulose content varies between 38-50%, hemicellulose between 23-32%, and 
lignin ranges between 15-25% [8]. Ash content in rice husks can reach around 20% of 
the total weight [8]. These ashes are characterized by being especially rich in silicon 

                                                   
2 Full author list 

Dinary Durán-Sequeda1, 2, Kimberly Lozano1, Luis Cruz1, Daniel Durán1, Lucía Ramírez2, 
Antonio G. Pisabrarro2, and Rocío Sierra1 

1 Product and Process Design Group (GDPP), Department of Chemical and Food Engineering, Universidad de los Andes, 
Colombia; e-mail@e-mail.com 

2 Institute for Multidisciplinary Research in Applied Biology ( IMAB), Public University of Navarre (UPNA), 31006 
Pamplona, Navarre, Spain 

 



42 
 

dioxide or silica [7], also containing lesser amounts of other oxides such as aluminum, 
iron, magnesium, sodium, calcium, phosphorous, sulfur, and titanium [10]. The amount 
of nitrogen in the biomass is low; hence, the C:N ratio ranges between 80:1 to 200:2 
depending on the variety of rice it originates from [10], [125]. 

 
In rice husks, the reducing sugars feedstock, such as hexoses, pentoses, or 

methyl pentoses, is the holocellulose fraction in lignocellulose [126], [127]. It is 
composed of cellulose and hemicellulose polymers. Chemically, cellulose is formed by 
D-glucose residues linked by β-1─4-glycosidic bonds that form linear polymeric chains 
of up to 10,000 glucose residues [128]. It contains highly crystalline regions joined by 
individual chains and other less organized amorphous regions  [128]. Hemicelluloses 
are polymeric carbohydrates based on xylan, xyloglucan (heteropolymer of D-xylose 
and D-glucose), glucomannan (heteropolymer of D-xylose and D- mannose), 
galactoglucomannan (heteropolymer of D-galactose, D-glucose, and D-mannose), and 
arabinogalactan (heteropolymer of D-galactose and arabinose), building blocks [18]. 
Both polymers cellulose and hemicellulose could be up to 50% of the weight of rice 
husks. Despite this significant richness of sugar content, the polymerization degree, 
crystallization, and interaction of these polymers confer resistance to biodegradation of 
this lignocellulosic biomass. 

 
Rice husks biomass is additionally hard to degrade due to the constituent 

polymer lignin. It is a recalcitrant heteropolymer that limits the access of 
microorganisms to cellulose and hemicellulose in plant cell walls. Lignin gives rigidity 
and resistance to the structure of the plant [129]. Chemically, lignin has three 
monolignol monomers with diverse degrees of methoxylation: p-coumaryl alcohol, 
coniferyl alcohol, and sinapyl alcohol. These lignols are incorporated with varied 
frequency and order in lignin as units of phenylpropanoid p-hydroxyphenyl (H), 
guaiacyl (G), and syringyl (S), respectively [40]. Lignin is formed by the ether bonds 
between carbon-carbon (C-C) in the structural units of H, G, and S, which include bonds 
type β-O-4, β-5, β-β, 5-5, 4-O-5, and β-1, producing a heterogeneous polymer in which 
the abundance of one type of structural unit relates to the high, medium and low wood-
like nature of the plant material [40].  

 
Rice husk morphological structure has several levels of organization and 

features. At the macrostructure level, the rice husks can be palea leaves of the spikelet 
covering the ventral part of the seed or lemma leaves of the spikelet covering the dorsal 
portion of the seed [130]. Either lemma or palea husks have identifiable upper and lower 
parts. The upper part is a bristle-like structure called the awn, and the lower part is a 
short stem called the rachilla [131]. The microstructure is more complex and similar to 
rice leaves microstructure. The lemma and palea tissue organization consists of the outer 
epidermis, fiber layers, vascular bundles, parenchymal cells, and the inner epidermis 
[130]. In the outer layer of the epidermis, epidermal cells are arranged in linear profiles 
alternating with and without ridges [130]. This cellular arrangement creates a highly 
striated mosaic, where the undulations and spaces are covered by a layer of silica and a 
cuticle [132]. Trichomes, hair-like or pubescent, also emerge from the epidermis [133]. 
The outer epidermal walls are extremely thick, highly convoluted, and lignified [130]. 
In the intermedia layers, the fiber layers are thick-walled and lignified in the 
hypodermis, whereas, in the sub-hypodermis, the parenchyma cells are thin-walled un-
lignified [130], [131]. The last layer, inner epidermal cells, are not also lignified [130]. 
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Decreasing lignin recalcitrance in the rice husks to release the holocellulose 
fraction is the main challenge of pretreatment. The pretreatment techniques have been 
classified in physical, chemical, or biological treatments [18]; however, seldom only 
one pretreatment is applied, and more often, a combination of pretreatment methods of 
different nature is necessary [134]. For example, reducing size through milling is usually 
performed for rice husk physical pretreatment, and this practice is used more than all 
other pretreatments [135]. As for chemical pretreatments, acid hydrolysis has been 
evaluated and performed before to enzymatic hydrolysis of rice husks [8], [15], [136]. 
A combination of biological pretreatment with enzymatic hydrolysis has also been 
performed [137]. One of the advantages of biological pretreatment is that it reduces 
operating costs associated with processing, washing, and eliminating inhibitors in 
biomass during chemical pretreatment [126].  

 
Pleurotus ostreatus is a white-rot fungus that degrades lignin and hemicellulose, 

preferably over cellulose in rice straw [22], [23]. The breaking down of lignin by P. 
ostreatus is attributed to a system of lignin-modifying enzymes (LMEs) composed of 
oxidases, laccases, manganese peroxidases (MnP), and versatile peroxidases (VP); 
however, no members of the lignin peroxidase (LiP) family were found in the genome 
of this fungus [30]. Nevertheless, the abundance of laccases in the secretome of P. 
ostreatus suggests that laccases could be the LMEs that play the central role in this 
process [30].  

 
This study compares compositional, chemical, and morphological modifications 

obtained of rice husks after different enzymatic pretreatments from crude extracts 
obtained from submerged fermentation cultures of P. ostreatus. These cultures were 
carried out using a base composition of glucose and yeast extract. The first objective 
was to evaluate the effect of adding different concentrations of the following compounds 
derived from lignocellulose: CMX, xylose, and lignin, with and without copper sulfate 
inducer to determine which of these compounds or their interactions increased laccase 
activity and to have crude enzymatic extract with high rich in laccases activity. In a 
pretreatment context, we hypothesize that higher enzymatic activity of laccase could 
favor a more significant loss of lignin in the husks or changes in their chemical or 
morphological structure. Hence, we selected six extracts that differed in laccase activity, 
total protein concentration, and laccase isozymes to pretreat rice husks. The 
lignocellulose compositional analysis of functional groups associated with 
lignocellulose and microstructure of rice husks treated had differences with husks 
without treatment and between treatments. From the analysis of results, a strategy to 
produce enzymatic cocktails for the pretreatment of lignocellulosic biomass was 
proposed. 

 
 3.2 Methods 

 
3.2.1 Fungal strain and culture conditions 

 
The P. ostreatus strain ANDES-F515, provided by the Laboratory of Mycology 

and Phytopathology of the Universidad de Los Andes-LAMFU and deposited in the 
ANDES Natural History Museum (MHN ANDES), was isolated in the Bosque de la 
Merced, Santa Bárbara village, Bojacá, Cundinamarca, Colombia. The dikaryotic 
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mycelium was maintained and conserved on Malt Extract Agar at 4 °C, with periodic 
replication of the growth zone after eight days of incubation at 25 °C in the dark. 

 
The submerged (SmF) cultures were performed in 250 mL flasks containing 100 

mL of culture medium composed of glucose 40 gL-1 and yeast extract 20 gL-1. A full 
factorial experimental design with two levels and four factors (24) was used to test the 
effect of each individual and interaction between lignocellulose derived compounds 
(LDCs): lignin alkali (Sigma-Aldrich), carboxymethylcellulose sodium (CMC, Sigma-
Aldrich), xylose (Sigma-Aldrich), and copper sulfate at two levels of concentration as 
shown in Table 3-1. All SmF cultures were inoculated with five 4 mm diameter plugs 
taken from the growth zone of eight-day Malt Agar plate cultures and incubated at 25°C, 
150 rpm, in the dark for 21 days. All experiments were performed in duplicate.  

 
Table 3-1. 24 full factorial design 

Factor Low level  
(gL-1) 

High level  
(gL-1) 

CMC 0.5 5.0 
Xylose 0.5 5.0 
Lignin 0.0 5.0 
CuSO4ˑ5H2O 0.0 0.25 

 
 3.2.2 Biomass determination 

 
Fungal biomass production was gravimetrically determined on the 21st day of 

culture. The culture was filtered through a paper filter (previously dried and weighed) 
using a vacuum filter system, and the filtered mycelium was dried at 45°C for 72 h. The 
filter paper with the dried biomass was weighed again [73].  

 
3.2.3 Total protein concentration 

 
Bradford protein assays (Bio-Rad) were used for total protein quantification. 

Standards and samples were mixed with Coomassie Blue Assay Reagent G-250 
according to the manufacturing instructions. Each reaction was measured at 595 nm 
[97]. 

 
3.2.3. Laccase activity 

 
Laccase activity was determined with ABTS (2,2-azino-bis(3-

ethylbenzthiazoline-6-sulfonate)) as the substrate [95]. The assay mixture contained 1 
mM ABTS, 20 mM sodium acetate buffer (pH 5.0), and 10 μL aliquots of an 
appropriately diluted enzyme sample. Oxidation of ABTS was monitored by following 
the increase in 𝐴𝐴436 (ε 29.3 mM-1cm-1). A laccase activity unit was defined as the 
enzyme required to oxidize 1 μmol ABTS per minute at 25 °C. 

 
3.2.4 Zymograms 

 
Non-denaturing electrophoresis conditions (native-PAGE) were used to 

visualize the isoenzymes present in the experimental samples [98]. The stacking and 
running gels contained 4% and 9% acrylamide, respectively, and were adjusted to pH 
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6.8 and 8.8 with Tris-HCl buffer. The running buffer was Tris-Glycine pH 8.3. The 
isozymes were revealed by staining the gel after running with 2mM of ABTS solution. 

 
3.2.5 Enzymatic treatment of rice husks 

 
For enzymatic treatments of the rice husks, mixtures of 5% (w/v) of rice husks 

and six different crude extracts enzyme-containing were evaluated. Around 100 mL of 
the extracts were obtained by biomass separation in the culture medium by filtration of 
a sample obtained at 15th culture day produced in 500 mL flasks. Previously, rice husks 
were ground to a particle size of 1 mm, sterilized, and dried at 45 °C for two days. The 
same treatment was carried out on non-ground rice husks for morphological analysis 
using scanning electron microscopy (SEM). The mixture was then incubated at 25° C 
on a rotary shaker at 150 rpm for 72 hours. When the reaction time ended, the aqueous 
extract and the solid fraction were again separated by filtration. For compositional, 
chemical, and morphological analyses, the treated rice husks were washed and dried at 
45 °C. 

 
3.2.5 Rice husks compositional analysis 

 
After enzymatic treatment, the concentrations of lignin and constitutive sugars 

(glucose and xylose) in rice husks were determined following the NREL/TP510-42618 
protocol [138]. This protocol consisted of biomass separation into the constituting 
polymers using an aqueous acid phase (H2SO4, 72 % w/w) where each of the rice husks 
samples was hydrolyzed. For this, 300.0±10.0 mg of the rice husks sample were mixed 
with the acid solution for 1h at 30°C.  Next, each sample was diluted by adding 
84.00±0.04 mL of deionized water, placed in a 250 mL Schott flask, and put in an 
autoclave for 1h at 121° C. After the concentrated and diluted hydrolysis, the 
holocellulose found in the liquid phase was quantified using HPLC fitted with a column 
for sugars AMINEX HPX-87H (Bio-RAD), with a refractive index detector. The lignin 
in the solid phase was quantified gravimetrically. 

 
3.2.6 Fourier Transform Infrared Spectrometry (FTIR) 

 
Infrared spectra were recorded with a Nicole 380 FT-IR Spectrometer (Thermo 

Scientific). The samples were mixed with KBr and pressed as tablets. The absorption 
spectra were recorded in the region from 4000 to 400 cm-1. OriginPro8 software was 
used to analyze the results.  

 
3.2.7 Scanning Electron Microscope (SEM) 

 
Non-ground, treated, and untreated rice husks samples were loaded on the 

carbon belt surface and covered with gold. The metallic samples were observed in a 
Phenom ProX Desktop scanning electron microscope (SEM) under high-pressure 
conditions at 15kv. 

 
3.2.8 Statistics analysis 

Minitab® version 18 software was used to construct the statistical design, 
evaluate statistical significance, obtain the regression models, and find the simultaneous 
local optimum of one or more response variables. 
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 3.3. Results  
 

3.3.1 Characterization of the effect of lignocellulose-derived compounds and their 
interaction with copper sulfate on the laccase activity of P. ostreatus. 

 
The effect of Lignocellulose Derived Compounds (LDCs) and their interactions 

with copper sulfate on the production of fungal biomass and laccase activity were 
evaluated according to the factorial design presented in Table 3.2. This table shows that 
both biomass production and laccase activity were affected by LDCs and copper in the 
cultures. On the one hand, copper positively affected biomass production, while high 
concentrations of LDCs reduced its production. This effect was statistically significant 
(P-value <0.05) and was fitted to a linear model (R2 0.9445) in which the interactions 
between LDCs and copper also affected biomass production. Generally speaking, the 
average biomass production was around 13 gL-1; this amount increased to an average of 
16 gL-1 by adding copper sulfate in the cultures and decreased to around 11.1 gL-1 by 
adding 5gL-1 of either LDCs evaluated in the cultures without copper inducer. 
Furthermore, some interactions between LDCs and copper affected the average biomass 
production by about 50%. Accounting for all samples, maximum biomass production in 
some culture media was around 20 gL-1, while the minimum was close to 7 gL-1. 

 
Table 3-2. 24 full factorial design culture media composition, and variable response 
biomass and maximum laccase activity 

*All culture media contain glucose and yeast extract. The initial letter in the name of the culture medium represents the high level of the factor 

or LDC. 

**The low levels of the factors are not included in the name of the medium; the medium with all low factors was named GY. 

***The medium with all low factor LDCs was named GY + Cu2+ 

 
 

 
Culture 
media or 
extracts 
name* 

Factors levels  Variable response 
CuSO4  
(Cu2+) 
(gL-1) 

Lignocellulose Derived 
Compounds (LDCs) 

Biomass 
( gL-1) 

Maximum 
laccase 

activity, MLA 
(UL-1) 

Log10 
MLA 

 Lignin 
(L) 

( gL-1) 

CMC 
(C) 

( gL-1) 

Xylose 
(X) 

( gL-1) 
1 LCX + Cu2+ 0.25 5.00 5.00 5.00 6.50 ± 0.70 4818 ± 471.4 3.68 
2 LCX 0.00 5.00 5.00 5.00 8.62 ± 4.12 1479 ± 161.0 3.17 
3 CX + Cu2+ 0.25 0.00 5.00 5.00 20.5 ± 0.71 11236 ± 414.50 4.05 
4 CX 0.00 0.00 5.00 5.00 6.70 ± 0.05 4251 ± 493.3 3.63 
5 LX + Cu2+ 0.25 5.00 0.50 5.00 13.4 ± 1.84 3168 ± 649.6 3.50 
6 LX 0.00 5.00 0.50 5.00 13.9 ± 0.90 1645 ± 3.803 3.22 
7 X  + Cu2+ 0.25 0.00 0.50 5.00 20.0 ± 2.08 10567 ± 996.63 4.02 
8 X 0.00 0.00 0.50 5.00 10.1 ± 0.17 3729 ± 71.81 3.57 
9 LC + Cu2+ 0.25 5.00 5.00 0.50 10.6 ± 0.42 2814 ± 275.2 3.45 
10 LC 0.00 5.00 5.00 0.50 19.8 ± 0.32 2452 ± 75.03 3.39 
11 C + Cu2+ 0.25 0.00 5.00 0.50 19.5 ± 0.70 11178 ± 25.450 4.05 
12 C 0.00 0.00 5.00 0.50 6.90 ± 0.14 4167 ± 50.02 3.62 
13 L + Cu2+ 0.25 5.00 0.50 0.50 16.2 ± 1.29 3086 ± 240.4 3.49 
14 L 0.00 5.00 0.50 0.50 12.5 ± 3.54 1614 ± 412.9 3.20 
15 GY+Cu2+ *** 0.25 0.00 0.50 0.50 15.2 ± 1.17 8200± 153.4 3.91 
16 GY** 0.00 0.00 0.50 0.50 10.9 ± 0.07 2080 ± 118.0 3.32 
Average 13.2 ±5.00 4781 ± 3441 3.58 
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The maximum laccase activities achieved in each treatment with and without a 
logarithmic scale are shown in Table 3-2. Statistical analysis of these results showed 
that laccase activity was significantly affected (p-value <0.05) by copper sulfate and 
LDC concentrations and their interactions in the culture medium. A linear regression fit 
model was obtained (R2 0.9934). In this case, the main effect of the factors on the laccase 
activity varied according to the compound evaluated. On the one hand, the high 
concentrations of copper and lignin had an opposite effect on this enzymatic activity. 
The high concentration of copper increases the laccase activity, while the high 
concentration of lignin decreases the laccase activity. For 0.25 gL-1 of copper 
concentration, the average laccase activity increased from 5000 UL-1 to 7000 UL-1, 
whereas this value decreased to 2500 UL-1 upon adding 5gL-1 lignin. On the other hand, 
the effect of LDC: CMC and xylose on laccase activity were similar; the high 
concentrations of both LDCs increased laccase activity by similar magnitudes up to 
around 5500 UL-1. Therefore, the interactions between one or more factors also had 
different effects on laccase activity. Thus, the interactions in which higher laccase 
activity was obtained used high concentrations of copper with CMX or Xylose or both 
LDCs; meanwhile, those with less laccase activity occurred without and using 
simultaneously high concentrations of all the LDCs evaluated and in all cultures where 
lignin was present. All these interactions also can be seen in Figure 3-1. 
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Figure 3-1. Laccase activity and laccase isoenzyme in crude enzymatic extract produce with LDC 
and copper sulfate: (a) Laccase activity in GY culture media without copper sulfate (gray) and 
GY_Cu2+ with copper sulfate (green) (b) Zymogram of crude enzymatic extract in GY culture media 
(c) Zymogram of crude enzymatic extract in GY+Cu2+ culture media. 

Figure 3-1 shows laccase activity and laccase isozymes in the crude enzymatic 
extracts with LDC in the absence or presence of copper sulfate. The results showed that 
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the highest values of laccase activity were obtained in some extracts with copper sulfate, 
while lignin was in the extracts with lower laccase activity even with copper sulfate 
(Figure 3-1, a). Two laccase isozymes were observed in all extracts lacking copper 
sulfate (Figure 3-1, b). These isoenzymes had bands between 32 and 25 kDa. The 
intensity of these bands varied according to the combination of LDC in the culture 
medium. The extract with a high lignin concentration (L) had weaker bands than other 
extracts in the zymogram. In contrast, a high concentration of CMC (C), xylose (X), or 
both LDCs (CX) extracts had bands with greater intensity in the zymogram. Three 
isoenzymes were observed in the enzymatic extracts containing copper sulfate (Figure 
3-1, c). Two of them were similar to those found in the copper-free extract and ran 
between 32 and 25 kDa. The third copper-induced isoenzyme was larger and ran about 
80 KDa. In this zymogram, the bands with the lowest intensity were obtained in 
combination with a high concentration of lignin and xylose (LX). 

 
Six culture media compositions were chosen because they either produced poor 

or laccase-rich enzymatic extracts. The biochemical characterization of these extracts is 
shown in Figure 3-2. In this characterization, the laccase activity results (Figure 3-2, a) 
showed a 1.4-unit log difference favoring cultures with copper over the ones without it. 
This difference means that the laccase activity in the enzymatic extracts with copper 
sulfate was higher by orders of magnitude than in the enzymatic extracts without copper. 
Interestingly, adding lignin in the cultures increased the total protein concentration in 
the extracts more than adding copper sulfate alone (Figure 3-2, b). Thus, the total protein 
concentration was highest in both extracts with lignin (L and L + Cu2+) than in those 
from cultures lignin-free. In these last extracts, the effect of CMC and xylose in the total 
protein concentration was dependent on copper. The total protein concentrations were 
less than 200 µgmL-1 in the extracts from cultures without copper (GY and CX) than in 
the same extracts of cultures with copper (GY + Cu2+ and CX + Cu2+), where the total 
protein concentrations were almost 400 µgmL-1. Finally, the native electrophoretic 
profile characterization (Figure 3-2, c) showed a new laccase isozyme, running around 
40 and 50 kDa on the zymogram; it was observed in extracts with a high lignin 
concentration with or without copper. It was observed that this isozyme appeared later 
than the other laccase isozymes. Furthermore, in these enzyme extracts, the 
electrophoretic profile of the total native protein was diffuse in both conditions with and 
without copper sulfate. In contrast, other proteins appeared to be more abundant than 
laccase proteins in the GY and CX extracts (Figure 3-2, d). In summary, these results 
showed that the enzymatic extracts produced had differences in laccase activity, laccase 
isozymes, and total protein concentration. 
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Figure 3-2.  Enzymatic crude extracts characterization: (a) Laccase activity; (b) Total protein; (c) 
zymogram; (d) total native protein PAGE 

3.3.2 Characterization of rice husks pretreated with enzymatic extracts  
 

In this section, the objective was to evaluate the relationship between different 
laccase activities and compositional, chemical, or morphological changes of rice husks 
pretreated with crude enzymatic extracts from cultures where laccase production was 
stimulated with different compounds. Being aware that the enzymatic composition in 
the extracts could be different in other lignocellulosic enzymes; this study focused on 
laccase.  

The raw rice husks composition and lignocellulose compositional loss after 
pretreatment of the husks with the enzyme extracts produced in culture media of P. 
ostreatus with different LDCs and copper are shown in Table 3-3. These results 
indicated that all rice husks treated with enzymatic extract had lignocellulose 
composition changes in all fractions. According to these results, a more significant loss 
of lignin fraction percentage (36.6 ± 2.07 %) occurred with the L+Cu2+ enzymatic extract 
treatment,  which means a higher rate of delignification in this treatment condition; 
however, pretreatment with other extracts was also successfully achieved a rice husk 
delignification from 24 to 29%. Also, these results suggest that these lignin losses were 
more dependent on the addition of LDCs to produce the extracts than the laccase activity 
induced by copper in the extract and showed that lignin-derived metabolites from the 
presence of lignin in the extract (with a possible role of laccase-mediator) improve the 
action of laccases induced by copper. 
Table 3-3. Rice husks lignocellulose composition and lignocellulose compositional loss 

 

Extract name 
Log10 (Laccase 
activity, UL-1) 

Lignin loss % 

(w/w) 

Cellulose loss % 

 (w/w) 

Hemicellulose loss% 

(w/w) 

Raw rice husks (RH) NA 31.2 ± 1.81 * 30.8 ± 1.68 * 13.4 ± 1.19 * 

Tr
ea

tm
en

t*
* 

RH + GY 3.01 25.0 ± 5.04 (b) 23.0 ± 3.38 (a) 47.05± 2.62 (a) 
RH + GY + Cu2+ 4.47 23.5 ± 6.09 (b) 22.6 ± 5.47 (a) 43.6 ± 2.04 (a) 
RH + CX 3.07 29.4 ± 2.38 (a, b) 16.3 ± 5.51 (a ,b) 36.2 ± 1.64 (c) 
RH + CX  + Cu2+ 4.36 29.3 ± 2.08 (a ,b) 12.74 ± 3.71 (b) 39.0 ± 1.61 (b, c, ) 
RH + L 2.38 24.3 ± 3.95 (b) 19.5 ± 2.10 (a, b) 42.3 ± 0.91 (a, b) 
RH + L + Cu2+ 3.79 36.6 ± 2.07 (a) 1.52 ± 1.37 (c) 13.3 ± 3.87 (d) 

* Content measured in raw rice husks (compositional percentage). ** Indicate compositional loss referred to raw rice husks. 

a,b,c,d  Significantly different groups as determined statistically through Tukey-test (P-value <0.05) 
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The treated rice husks had significant losses of cellulose and hemicellulose. On 
the one hand, in rice husks treated with enzymatic extracts without and with copper, a 
significant loss of cellulose, around 13 to 20%, was observed compared to untreated 
rice husk. This cellulose loss seemed independent of laccase activity in the enzymatic 
extracts without lignin and suggested possible cellulases activities in those extracts; 
however, cellulose loss in rice husk treated with  L+Cu2+ enzymatic extract was the 
lowest, meaning that in this last extract, there were fewer cellulases enzymes, low 
cellulases activity or presence of cellulases-inhibitors. On the other hand, hemicellulose 
composition showed a more significant loss around 13 to 47% (see Table 3-3), 
suggesting rich xylanase activity in all treatments. Nevertheless, the rice husks treated 
with L+Cu2+ enzymatic extract were the lowest hemicellulose loss showing a possible 
presence of xylanase inhibitor of this treatment again.  

  
FTIR analyses were performed to explore features and chemical 

components/bonds in rice husks treated and untreated with an enzymatic extract from 
cultures of P. ostreatus supplemented with different LDCs with and without copper as 
laccase inducers. Figure 3-3 shows rice husk untreated -FTIR spectrum, and Table 3-4 
shows all wavenumbers identified in this spectrum, their functional group, and the 
possible lignocellulose compound-related.  

 
Figure 3-3.  Rice husk untreated (RH) -FTIR spectrum. (i) the single bond region (4000-2500 cm-1), (ii) the 
triple bond region (2500-2000 cm-1), (iii) the double bond region (2000-1500 cm-1), and (iv) the fingerprint 
region (1500-500 cm-1) [139]. 
 

In Figure 3-3 the wavenumbers at four absorption regions are indicated in the 
RH-FTIR spectrum. These regions are: (i) the single bond region (4000-2500 cm-1), (ii) 
the triple bond region (2500-2000 cm-1), (iii) the double bond region (2000-1500 cm-1), 
and (iv) the fingerprint region (1500-500 cm-1) [139]. The RH- FTIR spectrum shows 
several adsorption bands, two in the first region at 3400 and 2900 cm-1 due to O-H and 
C-H vibrations. In the second region, there were no bands detected. On the third region, 
the double bond vibrations at least five bands were present between wavenumbers 1740 
and 1512 cm-1 which are mainly assigned to C=O stretching in hemicelluloses and C=C 
stretching by aromatic skeletal. In the last region, the fingerprint, the spectrum showed 
at least eight bands, five between wavenumbers 1460 and 1160 cm-1 with the assignment 
to CH, CH2, CH3 bending or C-O stretching,  and three with the assignment to silicon 
at wavenumbers around 1077, 900, and 800 cm-1. (Detail are shown in Table 3-4). 
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Table 3-4. FTIR bands assignments for the rice husks lignocellulose compounds [140]–[145] 
Wavenumber  
cm-1 

Vibration Functional group or 
compound 

Possible Rice husks –
lignocellulosic 
compounds 

3419 -O-H  stretching Water, alcohols, and phenols Cellulose, hemicellulose, 
and lignin 

2922 C–H stretching Alkyl, aliphatic, aromatic Cellulose, hemicellulose, 
and lignin 

1738-1725 C=O stretching 
 

Ketones, aldehydes, and 
carboxylic acid 

Hemicellulose, lignin 

1660-1630 C=O stretching 
Absorbed O–H 
C=C stretching 

Carbohydrates 
water 

Cellulose and 
Hemicellulose 
Water associated with 
cellulose and lignin 

1610 C=C stretching 
COOH stretching 

Aromatic skeletal Cellulose, hemicellulose, 
and lignin 

1580-1530 C=C stretching 
 

Aromatic skeletal Cellulose and lignin 

1512-1505 C=C stretching 
 

Aromatic skeletal Lignin 

1458-1420 CH bending 
CH2 bending 

OCH3 (methoxyl) or 
CH2 pyran ring 

Lignin 
Cellulose or hemicellulose  
 

1377-1375 CH3 bending Polysaccharides and lignin Cellulose or hemicellulose  
Lignin 

1322 CH bending or 
C-O stretching 

Cellulose 
Syringyl ring 

Cellulose  Lignin 

1230 C–O stretching syringyl ring Lignin  
1160 C–O stretching Polysaccharides Cellulose 

Hemicellulose 
1077-1052 Si-O-Si stretching Organosilicate Silica 
898 C–H deformation 

Si-H 
 

β-pyranose compounds 
 

Cellulose 
Silica 

800 Si-H Silica Silica 

 
As Table 3-4 shows, in the lignocellulose material as rice husks, some of these 

bands could be due to the vibration of the same functional group in the different 
lignocellulose polymers at the exact wavenumber, but this is hard to elucidate in the 
same spectrum using this technique; however, when there is some significant 
compositional change in the same material by a treatment, these vibrations functional 
groups could be associated with this change. In Figure 3-4, overlapping of untreated and 
treated RH-FTIR spectra are shown. The spectra are very close at wavenumbers 
between 4000 and 1750 cm-1, showing large conservation on the single bond and triple 
bond regions after the enzymatic treatments. Most areas with little differences in the 
spectra are at wavenumbers between 1750 cm-1 and 500, including the double bond and 
fingerprint regions. These slight variations in these regions seem associated with the 
copper in the GY and CX extracts. Moreover, in the spectra from rice husks treated with 
the L- extracts, the enzymatic treatment seems more affected at wavenumbers around 
1077, 900, and 800 cm-1, bands, the assignment to silicon. These results suggest high 
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chemical conservation after all enzymatic treatments in rice husks, despite 
lignocellulose compositional changes; however, the changes in transmission intensity 
in some wavenumbers may be explained by some structural modification in the 
lignocellulosic material by the enzymatic treatments. 

 

 
 

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3-4.  Overlapping of untreated and treated RH-FTIR spectra: (a) RH and RH + GY-extracts; 
(b) RH and RH + GY + Cu2+ extracts; (c) RH and RH + CX-extracts; (d) RH and RH + CX + Cu2+ 
extracts; (e) RH and RH + L-extracts; (b) RH and RH + L + Cu2+ extracts.  

A closer view of the region around wavenumber 1740-1500 cm-1, is shown in 
Figures 3-5. In this view, most spectra showed that many lower and closer bands are 
observed. Rice husks treated with GY-extracts without and with copper showed around 
thirteen bands, and with CX-extracts with and without copper showed around fifteen 
bands. The main difference in this region was observed in rice husks treated with L-
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extracts with and without copper. Both untreated and treated rice husks treated with L-
extracts without copper showed around 22 bands, whereas rice husks treated with L-
extracts with copper showed a significant reduction to around seven bands in this region. 
These results suggest that the enzymatic treatments have a specific action in rice husks 
which probably is correlated with the enzymatic composition induced by the type and 
amount of LCD in the culture of P. ostreatus to produce these extracts. Changes 
observed in this region could be due to compositional changes in lignocellulose 

 

  
(a) (b) 

  

(c) (d) 

 
 

(e) (f) 
 

Figure 3-5. Overlapping of untreated and treated RH-FTIR spectra in the functional group regions 
1750-1500 cm-1: (a) RH and RH + GY-extracts; (b) RH and RH + GY + Cu2+ extracts; (c) RH and 
RH + CX-extracts; (d) RH and RH + CX + Cu2+ extracts; (e) RH and RH + L-extracts; (b) RH and 
RH + L + Cu2+ extracts. 

Figure 3-6 shows the microscopic features of rice husks treated with 
enzymatic extracts. The pictures correspond to the lemma or the palea fractions. 
The photographed fields show the face of the inner lamina in a ventral view of 
this structure. Un-milled husks were used for these treatments since the milled 
husks showed generalized alterations in their structure due to the mechanical 
effect of grinding (Figure 3-6, b). When comparing these photographs, the 
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structural alterations of the rice husks with the different enzymatic treatments 
occur from the upper layer, where the epidermis is placed, towards the lower 
part where the sub-hypodermis and the parenchymal tissue are organized. 
Although this degree of alteration is not a quantification, the enzymatic 
treatments with copper sulfate (Figure 3-6, d, f, and h) seem to produce a more 
significant modification in the rice husks. 

 

 

(a) (b) 

  

(c) (d) 

  

(e) (f) 

 
 

  
(g) (h)   

Figure 3-6.  Scanning electron micrographs of Rice husks: (a) Rice husks un-milled and untreated; 
(b) Rice husks milled and untreated (c) Rice husks GY-extract treatment; (d) Rice husks GY + 
Cu2+extract treatment; (e) Rice husks CX extract treatment; (f) Rice husks CX + Cu2+extract 
treatment; (f) Rice husks L- extract treatment; (g) Rice husks L + Cu2+ extract treatment. Scale bar 
100 µm. 
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 3.4 Discussion  
 
This study focused on the compositional, chemical, and morphological 

modifications after different enzymatic pretreatments applied on rice husk using crude 
extracts obtained from submerged fermentation cultures of P. ostreatus.  

 
In previous work, the inducing effect of laccase activity by copper sulfate in P. 

ostreatus is mediated by the presence of copper transporters that appear to increase 
under nutrient-sufficient conditions for the fungus growth in synthetic culture media. 
However, because the natural substrate of P. ostreatus is lignocellulose from decaying 
trees, the constitutive polymers or lignocellulose-derived compounds (LDCs) could act 
as enhancers of laccases activity. This study is aimed to determine if that is the case. 
Evidence that supported this idea was found in previous studies by Our research group, 
which determined that compounds extracted from Cordyceps nidus affect the laccase 
activity of P. ostreatus, and the inducing effect by these extracts could occur when 
xylose is present at low concentrations [146]. Therefore, in this study, we evaluated the 
effect of three lignocellulose-derived compounds (LDC), xylose, CMC, and lignin, on 
the laccase activity of P. ostreatus in a glucose and yeast extract medium base. The aim 
was to explore which of these components or their combinations act as laccases inducers 
by increasing laccase activity,  whether it is through copper or stimulating other laccase 
isoenzymes in synthetic culture media. This approach was also proposed as a strategy 
to have natural enzyme cocktails rich in laccases useful to pretreat rice husks feedstock. 
 

Using a complete factorial design, it was found that the effect of LDCs on the 
laccase activity of P. ostreatus depends on the concentration and interaction of these 
components in the culture medium (Table 3-2 and Figure 3-1). The results showed that 
xylose, CMC, or both increased laccase activity interestingly; however, lignin was 
found to decrease the enzymatic activity. Although the inducing effects of xylose and 
CMC were synergistic with copper, these two LDCs did not achieve the laccase-
inducing power of 1mM copper sulfate, which had been tested as a laccase inducer  
[116].    
 

On the other hand, although aromatic molecules derived from lignin have shown 
an inducing effect of laccase activity [147]–[149], few studies have evaluated the 
inducing effect of the lignin fraction on laccase activity in cultures of P ostreatus. 
Nevertheless, a report was found showing that this effect depends on the glucose and 
peptone concentration in the culture medium, and laccase activity with lignin (0.5 gL-1 
) was fivefold higher than in media without lignin [150]. Tinoco et al. (2011) also 
showed a positive effect of lignin in laccase activity and found a synergistic effect with 
this activity of copper at 0.5 mM and lignin at 0.5 gL-1 in cultures of P. ostreatus [76]. 
In contrast, we found an antagonistic effect on the laccase activity by copper at 1mM 
and lignin at 5 gL-1 (Figure 3-1). This discrepancy could be due to the fact that the 
concentrations of copper and lignin evaluated in each study were different. Despite this, 
using lignin at 5 gL-1 in cultures with and without copper, we found an additional laccase 
isoform in the enzymatic extracts that was not present in media extracts without lignin 
(Figure 3-2). Because we did not purify or identify laccase from crude extracts, it is 
unknown, which of the 12 laccase genes found in the P. ostreatus genome this isoform 
corresponds. Moreover, although a higher concentration of total protein was quantified 
in the selected enzyme extracts in which lignin was used, these proteins seemed 
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degraded when stained with Coomassie blue under native PAGE conditions (Figure 3-
2, b). Nevertheless, enzymatic activity typically of laccases was observed. 

 
Rice husks treated with enzymatic extracts of P. ostreatus cultures 

supplemented with LDC and copper showed compositional, structural, and 
morphological changes. The results showed that different compositional of the 
enzymatic extracts affect rice husks differently. On the other hand, the lignocellulose 
fractions loss was found influenced by LDC composition more than it was by presence 
of copper in the extracts. In rice husks treated with GY and CX extracts, cellulose and 
lignin loss were similar with and without copper. The husks treated with GY extracts 
showed significant modifications, hemicellulose fraction with and without copper. 
Although lignin removal in husks was higher using GY and CX extracts with and 
without copper (23 to 29%). Because laccase activity was not particularly high for L+ 
Cu2+ extract, it was surprising that the highest lignin loss was obtained using the extracts 
produced with lignin and copper (37%) Table 3-3. These results suggest that the LDCs 
could induce laccases and other lignocellulosic enzymes that modify lignin and different 
lignocellulose fractions independent of the magnitude of laccase activity. These results 
also indicate that other factors in the extracts could contribute to delignification, such 
as lignin-derived metabolites, which could act synergically with laccases to increase 
delignification. 

 
Other studies have reported that the action of laccase on lignin in various 

lignocellulosic biomasses depends on several factors, including the concentration of 
enzymes, enzymatic activity, the substrate to be delignified, and, mainly, the presence 
of mediators3. In some of these studies, when the concentration of purified laccase from 
Trametes villosa was increased with a fixed concentration of mediator, the percentage 
of lignin removal increased from 11-32% and 32-48% for elephant grass and Eucalyptus 
globulus wood, respectively; however, the lignin loss using the highest concentration of 
laccase in the pretreatment system in the absence of the mediator was only 5% [151]. 
In other cases, in pretreatment of wheat straw using Pycnoporus cinnabarinus with high 
enzymatic activity, lignin removal was 18% in the absence of a mediator and increased 
to 48% when mediator was used [44]. Up to 50% lignin removal from ground eucalyptus 
wood was achieved by pretreatment with recombinant Myceliophthora thermophila 
laccase and methyl syringate as a mediator, followed by alkaline peroxide extraction in 
a multistep sequence. All that indicates that in laccase-mediator systems, notorious 
improvement in lignocellulose delignification by laccase is achieved. 

 
On the other studies, pretreatment with laccase alone (without mediator) 

removed up to 20% of lignin from eucalyptus wood [43]. In other cases, the 
delignification of lignin in the wood of E. globulus exploited with steam was 31% in 
the absence of an enzyme mediator, but using the crude enzyme extract secreted by 
Marasmius palmivorus grown in an optimized culture medium supplemented with 
copper [152]. This increased delignification using of the whole secretome as in this 
work suggests as possibly advantageous the use of whole crude enzymatic extracts 
secreted by the fungus for the enzymatic pretreatment of lignocellulosic biomass. In our 
case, we were using the whole secretome together with the culture supplementation with 
copper and LDCs, which could include lignocellulolytic enzymes other than laccases 

                                                   
3  Usually, mediators are laccase substrates that increase the redox potential of 
laccases [45]. 
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and metabolites with the role of mediators. Both the diversity of lignocellulolytic 
enzymes and metabolites in these extracts contributing to the modification of 
lignocellulose. Depending on the characterization of these extracts should be pursued 
in future work. 

 
Three types of reactions (bond breaking, modification, and coupling) have been 

associated with laccases activity on lignin which can cause different changes in this 
polymer [39], [40]. The main consequence of bond-breaking reactions is 
depolymerization, which results in the release of lignin substructures and reduced 
polymer molecular weight [40]. Additionally, chemical modifications in lignin can 
occur even if there is no weight loss. In sugarcane by-products resulting from laccase-
based pretreatment or in lignin alkali treated with laccases, when there was lignin 
depolymerization significant reductions, were found in the number of aliphatic side 
chains involved in the major β-O-4′ and β -5' bonds between monomeric units that also 
increased the content of the hydroxyl group (including hydroxyl aliphatic and phenolic 
hydroxyl) [153], [154]. Regarding the modification reactions, alpha carbon (Cα) 
oxidation reactions are the main ones in which the hydroxyl group is changed by a 
ketone [39]. In addition, demethylation reactions typically transform the methyl group 
into a hydroxyl group; these modifications were also found in alkaline lignin treated 
with laccase [154]. The last type of reaction by laccases in lignin is coupling. Coupling 
reactions can result in two types of modifications: polymerization reactions in which 
new structural units (H, G, or S) are incorporated into the polymer, increasing molecular 
weight, and reactions that insert low molecular weight sulfonated molecules [39]. In 
summary, the possible modifications of lignin by actions mediated by laccases could 
change the abundance of hydroxyl groups, breaking bonds between monolignol 
monomers, demethylation reactions, or oxidation of the alpha carbon forming carbonyl 
groups. 

 
The chemical changes of the rice husks treated with the enzyme extracts by 

FTIR analysis was evaluated. Although this technique has been used extensively to 
characterize lignocellulosic biomass, including rice husks, overlapping lignocellulose 
characteristic bands is common with infrared band assignment [155].  With this in mind, 
little changes in the profundity around wavenumbers 3400 and 2900 cm-1 were observed 
in most treatments. These suggest high conservation in -O-H stretching and C–H 
stretching, respectively in rice husk treated with enzymatic extracts. The OH is present 
in water, alcohols, and phenols, and the C–H is present in the alkyl, aliphatic, aromatic 
groups. These changes could have occurred in either the cellulose, hemicellulose or 
lignin polymers and are indistinguishable. 

 
The changes in the bands around 1740 to 1500 cm-1 functional group regions 

were explored (Figure 3-5). The most evident FTIR spectrum changes occurred in the 
rice husks treated with L+ Cu2+ extract in this region, which had a 37% lignin loss (Table 
3-3). In this case, a high laccase activity induced by copper sulfate and the presence of 
lignin in the enzyme extracts could cause in rice husks treated a decrease in the intensity 
of at least fifteen bands. This attenuation around six bands associated with unconjugated 
carbonyl groups (1728, 1720, 1709, 1702, 1696, 1686 cm-1) [156]  occurred. Other 
attenuations in the bands associated with hydroxyl groups or water in the region (1656-
1619 cm-1) [157]  were also present. The other last six bands are associated with 
aromatic skeletal vibration or C=C stretching (1572, 1562, 1546, 1534, 1521, and 1502 
cm-1) (Figure 3-5). In contrast, in the spectrum of rice husks treated with L-extract, 
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where lignin loss was around 24%, most bands were similar to those in untreated rice 
husks. These results suggest that in this region of the rice husks spectrum occurred the 
lignin modifications by actions mediated by laccases similar to that showed by rice 
husks treated with L+ Cu2+ -extract. 

 
All the enzymatic pretreatments were related to changes in the microstructure 

of the rice husks (Figure 3-6). The internal and external structures of untreated rice 
husks show ruptures of the inner layer when milled [158] and expose the scaffolding of 
some sub-hypodermal or parenchymal cells. In contrast, the images of the rice husks in 
the enzymatic pretreatments showed a degree of alteration of the components of the 
inner layer that gradually and orderly uncovers the cells of the sub-hypodermis or 
parenchyma. Thus, although the treatments with copper extracts in the pictures appear 
to have a higher degree of degradation in the microstructure of the rice husks, future 
experiments in which this degree of decomposition is quantified need to be performed. 

 
3.5 Conclusions 

 
In this study, enzymatic extracts from P. ostreatus cultures in SmF were 

produced. Evaluating the laccase activity of different concentrations of compounds 
derived from lignocellulose (LDCs) such as CMC, xylose, and lignin, with and without 
copper sulfate. In this evaluation, the inducing effect of the laccase activity of LDCs 
depended on their concentration and interactions between them and copper. Two effects 
of LDCs were distinguished in laccase activity: on the one hand, high concentrations of 
CMC and xylose increase the laccase activity by copper, and on the other hand, high 
concentrations of lignin decreased the laccase activity by copper. Consequently, the 
laccase activity was increased 5-fold in media with high concentrations of CMX, xylose, 
and copper; however, most of this enzymatic activity enhancement was due to the 
addition of copper to the culture medium only (a 4-fold increase); while high 
concentrations of lignin in the medium reduced this copper laccase activity up to 4-fold. 
Moreover, the presence of lignin in the cultures induced a new isoform of laccase in the 
culture media.  

 
The percentages of lignin loss in the rice husks treated with GY, CX, and L-

extracts, with copper and high laccase activity were 24, 29, and 37%, respectively. 
Despite the inhibited laccase activity and the induction of additional laccase isomorphs, 
in the extracts produced with a high concentration of lignin with and without copper, 
these treatments show the largest compositional functional group and microstructure 
differences which suggest that previous lignin metabolisms in the culture of P. ostreatus 
could produce molecules that improve delignification. An attenuation of bands 
associated with carbonyl functional groups and aromatic skeletal was evident in the 
spectra of the treatment of rice husks with lignin and copper, and a greater degree of 
degradation of the microstructure of the husks with this treatment was also observed. 
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Chapter 4  
 

Laccases and other Lignocellulolytic Enzymes in 
the Transcriptome of Pleurotus ostreatus used for 

Biological Pretreatment Systems of Rice Husks 
in SmF 

  
 

Abstract:  Rice husks (RH) is a lignocellulosic biomass difficult to break down and an attractive 
reservoir of sugars in the cellulose and hemicellulose fractions protected by lignin. This study used 
white-rot basidiomycete Pleurotus ostreatus to treat rice husks in submerged cultures modified to 
induce laccase activity. Changes in the composition of the rice husk and the transcripts of 
lignocellulolytic enzymes were evaluated in selected biological pretreatment systems with different 
laccase activity. To establish the composition of the modified culture medium that increased laccase 
activity, the effect of the proportions of three composition factors in the presence and absence of 
copper sulfate, was evaluated using a special class of response surface experiments: a mixture design. 
Mixtures with differences in laccase activity of an order of magnitude were selected. Changes in 
chemical functional groups in the infrared spectra and lignocellulose composition were compared. It 
was found that nearly 50 % of lignin but only 30% of cellulose and hemicellulose were removed by 
the end of the culture in the medium with the highest laccase activity. Cellulose elimination was 
similar regardless the presence or absence of copper. Finally, the P. ostreatus transcriptome using 
RNA-seq was analized to determine changes in the expression of lignocellulolytic enzyme gene 
transcripts, highlighting the active carbohydrate enzymes (CAZy). The results showed that the rice 
husks have a potent CAZy inducing power unaffected by the presence of the laccase-inducer copper; 
however, copper positively affected the transcription of laccases, lacc10, lacc2, and lacc6 genes, 
while rice husks positively affected the transcription lacc5 gene. The findings provide a strategy to 
design biological rice husk pretreatment systems based on natural enzyme cocktails. 4 
 
4.1 Introduction 

 
Lignocellulose biomass is highly resistant to degradation, and only fungi and 

some bacteria have developed the enzymatic arsenals required to degrade it [159], [160]. 
This enzymatic armory must respond to several lignocellulose peculiarities in plant 
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biomass, including the proportions and composition of the polymers and their particular 
structure in cellulose, hemicellulose, and lignin. Several studies with omics approaches 
are being carried out focused on genomes, transcriptomes, proteomes, and exo-
proteomes of these organisms. All of them help us reveal the critical enzymes involved 
in lignocellulose degradation[161]. This knowledge potentially confers added value to 
lignocellulosic biomass residues to produce biofuels, other chemical platform products, 
or enzymes for biotechnological processes [162].  

 
Lignocellulolytic enzymes, a wood degradation-related group of enzymes, have 

been extensively studied in white and brown rot basidiomycete fungi [163]. Currently, 
they are classified as Carbohydrate-Active EnZymes (CAZy), a group that includes all 
enzymes involved in the modification, degradation, or biosynthesis of carbohydrates 
and their derived, as well as lignin modifying enzymes (LMEs) [164]. The CAZy 
database (www.cazy.org) provides information on two broad protein categories that 
participate in lignocellulose degradation: the Catalytic and Associated Modules. There 
is a  single group of Associated Modules, the Carbohydrate-Binding Modules (CBMs), 
while there are five groups of Catalytic Modules: Glycoside Hydrolases (GH), 
glucosyltransferases (GT), polysaccharide lyases (PL), carbohydrate esterases (CE), 
and auxiliary activities (AA) [165]. As their names indicate, most enzymes (CBM, GH, 
GT, PL, and CT) are involved in carbohydrate degradation, while the AA group is 
associated with LMEs and lytic polysaccharide-monooxygenases (LPMOs). The AA 
enzymes can directly or indirectly act on the degradation and modification of the 
aromatic or aliphatic components in lignocellulose in the lignin polymer. The types, 
amount, and how CAZys are secreted vary among fungi, substrates, and environmental 
conditions. Therefore, enzyme cocktails in the fungal secretome could have different 
results in lignocellulose pretreatment.  

 
Recent publications about transcriptomes and exoproteomes in white-rot fungi 

reveal the existence of dynamic mechanisms in which several factors determine the 
control in the secretion of enzymes related to the degradation of lignocellulose biomass. 
These factors include i) genetic factors (genes and gene families) encoding groups of 
lignocellulolytic enzymes that vary in different white-rot fungi [19], [29], [166]–[169]; 
ii) nutritional factors, provided by the composition of the culture media, that show that 
the expression profiles of these genes change according to their composition and 
especially with their lignin content [168]–[172]; and iii) stress response factors by which 
white-rot fungi respond to other organisms, growth in co-culture or to the presence of 
xenobiotics compounds or the presence of metals such as copper [173], [174]. Despite 
this diversity of factors, the results of omics studies show that at least two profiles of 
enzymatic activities are necessary for the complete recycling of carbon from the 
lignocellulose biomass by rot fungi: i) hydrolase activity mediated by GHs enzymes 
involved in the degradation of cellulose and hemicelluloses by hydrolyzing the 
glycosidic bond, and ii) AA-mediated oxidase activity involving degradation of lignin 
or by lytic polysaccharide monooxygenase (LPMO), which can degrade cellulose by 
oxidation [175].  Interestingly, in white-rot fungi, the most abundant enzymes seem to 
be the oxidoreductases associated with the degradation of lignin, and the most widely 
reported as up-regulated by the presence of lignin are the laccases [168], [170], [171], 
[175], [176]. Moreover, in some cases, the culture times when laccase activity peaks 
coincide with lower cellulases or hemicellulases activities and vice versa [169], [170], 
[172], [175]. In another case, the induction of laccases by copper sulfate also induces 
other oxidoreductases, glycoside hydrolases, and chitinases [174], [177]. All these 
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results suggest that laccase regulation mechanisms could also affect the regulation of 
other lignocellulolytic enzymes.  

 
Rice husks is a recalcitrant lignocellulosic by-product of paddy rice processing 

[1], [2].  The rice husks biomass comprises cellulose, hemicellulose, lignin, ash, and a 
small fraction of extractive compounds [7]. Cellulose content varies between 38-50%, 
hemicellulose between 23-32%, and lignin between 15-25% [8]. It has also been found 
that the ash content can reach around 20% of the weight of dry paddy rice [7]. Therefore, 
this lignocellulosic biomass is an important deposit of sugar. 

 
Pleurotus ostreatus is a laccase-producer white-rot fungus and a biological 

model for studying these enzymes since its genome encodes 12 laccase genes whose 
expression responds to different culture conditions [28].  

 
In this study, a rice husks-containing medium was used as a substrate for P. 

ostreatus grown in submerged cultures (SmF) to evaluate the proportions of rice husks 
and laccase inducers (such as copper sulfate) on the laccase activity released into the 
culture media. Two culture media with different compositions were selected in which 
laccase activity was significantly affected, and changes in composition and the chemical 
functional group in the infrared spectrum by FTIR were evaluated. Component and 
chemical functional group changes in the rice husks were associated with laccase 
activity, affecting cellulose and hemicellulose fractions. For this reason, we performed 
a transcriptomic analysis focused on CAZymes and compared their expression in the 
presence and absence of copper as a laccase inducer. The conditions of maximum 
laccase activity inducible by copper were used in this study. Our results showed that the 
use of culture media supplemented with lignocellulosic biomass could be a strategy to 
reduce the costs of laccase production and to add value to the lignocellulosic residues.  
This strategy allows for the production of enzymatic cocktails rich in laccase and other 
lignocellulolytic enzymes. Furthermore, this modified culture media strategy could help 
designing biological pretreatment processes for highly recalcitrant lignocellulosic 
biomass such as rice husks. 
 
4.2 Methods 
 
4.2.1 Fungal strain and culture conditions 

 
The Pleurotus ostreatus strain ANDES-F515, provided by the Laboratory of 

Mycology and Phytopathology of the Universidad de Los Andes-LAMFU and 
deposited in the ANDES Natural History Museum (MHN ANDES), was isolated in the 
Bosque de la Merced, Santa Bárbara village, Bojacá, Cundinamarca, Colombia. The 
dikaryotic mycelium was maintained and conserved on Malt Extract Agar at 4 °C, with 
periodic replication of the growth zone for eight days of incubation at 25 ° C in the dark. 

 
 The submerged (SmF) cultures were performed in 250 ml flasks containing 100 

mL of culture medium. All SmF cultures were inoculated with five 4 mm diameter plugs 
taken from the growth zone of eight days Malt Agar plate cultures and were incubated 
at 25°C, 150 rpm, in the dark for 21 days. All experiments were performed in duplicate.  
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4.2.2 Experimental Design of the biological pretreatment systems or modified culture 
media 

 
The design of the biological pretreatment systems was carried out using a grade 

2 extreme vertex mixture experimental design. The components of the mixtures were 
glucose, yeast extract, and milled rice husks. The restrictions established for the upper 
and lower limits of the amount and proportions, in the mixture are shown in Table 4-1 

 
Table 4-1. Limits of components in the mixture design of extreme vertices 

Components 
gL-1 

Amount 
 

Proportion 

Lower Upper Lower Upper 
Yeast extract 5.00 15.00 0.05 0.15 
Glucose  5.00 45.00 0.05 0.45 
Rice husks  40.00 80.00 0.40 0.80 

 
In the simplex design plot (Figure 4-1), each vertex of the triangle represents 

one of the three components of the mixture. This simplex design plot shows that there 
are 13 points in the design space. The proportions of the components are selected for 
each point in such a manner that they sum to one, according to the bounds shown in 
Table 4-2, which were adjusted to accommodate specified constraints. The specific 
composition for each experimental mixture is shown in Section 3, Table 4-2. This design 
was tested in both conditions in the absence and presence of copper sulfate 1 mM. 

 
 

 

Figure 4-1.  Simplex Design Plot in proportions. 
 
4.2.3 Biomass production 

Fungal biomass production was gravimetrically determined at 21 days of 
culture. The culture was filtered through a (previously dried and weighed) filter paper 
using a vacuum filter system, the collected, filtered mycelium was dried at 45°C for 72 
h and weighed [73].  
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4.2.4 Spectrometric analyses  

 
Laccase activity was determined with ABTS (2,2-azino-bis(3-

ethylbenzthiazoline-6-sulfonate)) as the substrate[95]. The assay mixture contained 1 
mM ABTS, 20 mM sodium acetate buffer (pH 5.0), and 10 μL aliquots of an 
appropriately diluted enzyme sample. Oxidation of ABTS was monitored by following 
the increase in 𝐴𝐴436 (ε 29.3 mM-1cm-1). A laccase activity unit was defined as the 
enzyme required to oxidize 1 μmol ABTS per minute at 25 °C. The DNS method 
measured reducing sugars using the 3,5-dinitrosalicylic acid (DNS) reagent at 540 nm 
[96]. 

 
4.2.5 Zymograms 

 
Non-denaturing electrophoresis conditions (native-PAGE) were used to 

visualize the isoenzymes present in the experimental samples [98]. The stacking and 
running gels contained 4% and 9% acrylamide and were adjusted to pH 6.8 and 8.8 with 
Tris-HCl buffer, respectively. The running buffer was Tris-Glycine pH 8.3. The 
isozymes were revealed by staining the gel after running with 2mM of ABTS solution. 

 
4.2.6 Rice husks compositional analysis 

 
After enzymatic treatment, the concentrations of lignin and constitutive sugars 

(glucose and xylose) in rice husks were determined following the NREL/TP510-42618 
protocol [138]. This protocol consisted of biomass separation into the constituting 
polymers using an aqueous acid phase (H2SO4, 72 % w/w) where each of the rice husks 
samples was hydrolyzed. For this, 300.0±10.0 mg of the rice husks sample were mixed 
with the acid solution for 1h at 30°C.  Next, each sample was diluted by adding 
84.00±0.04 mL of deionized water, placed in a 250 mL Schott flask, and put in an 
autoclave for 1h at 121° C. After the concentrated and diluted hydrolysis, the 
holocellulose found in the liquid phase was quantified using HPLC fitted with a column 
for sugars AMINEX HPX-87H (Bio-RAD), with a refractive index detector. The lignin 
in the solid phase was quantified gravimetrically 

 
4.2.7 Fourier Transform Infrared Spectrometry (FTIR) 

Infrared spectra were recorded with a Nicole 380 FT-IR Spectrometer (Thermo 
Scientific). The samples were mixed with KBr and pressed as tablets. The absorption 
spectra were recorded in the region from 4000 to 400 cm-1 wavelengths. OriginPro8 
software was used to analyze the results.  

 
 4.2.8 RNA isolation and transcriptional analyses 

The fungal biomass produced in the cultures containing 45 gL-1 glucose and 15 
gL-1 yeast extract with or without 1 mM copper sulfate and with or without 40 gL-1 rice 
husks were harvested on day 14th of culture for RNA isolation. The mycelium was 
collected by centrifugation and filtration, immediately frozen in liquid nitrogen, and 
grounded in a mortar to a fine powder. Then, 100 ng of the powder was transferred to a 
1.5 mL microcentrifuge tube for total RNA extraction using a Fungal RNA EZN.A Kit 
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(Omega Bio-Tek, Norcross, GA, USA) according to the manufacturing guidelines. 
Finally, the integrity and quantity of RNA were validated using Bioanalyzer (version 
2100) and Qubit 2.0 fluorometer. 

 
4.2.9 mRNA-seq analysis  

Illumina compatible libraries were prepared to be sequenced using the Illumina Nova 
Seq 6000 system from an mRNA isolate originating from RNA total. Following 
sequencing, RNA-seq data were filtered for quality assurance using FastQC and 
trimmed with BBDuk to remove adapters and low-quality reads 
(https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/). 
www.genome.jgi.doe.gov/PleosPC15_2/PleosPC15_2.home.html was used as a P. 
ostreatus genome reference for aligning the resulting reads using STAR v2.3.16 [101]. 
The parameters used to achieve a single hit mapping were: --outReadsUnmapped Fastx 
--outFilterMismatchNoverLmax 0.04 --outFilterMultimapNmax 1. The mkPC15 v2.0 
reference genome was assembled entirely in twelve scaffolds (34.3 Mb genome 
size)[102]. In total, 12,330 genes were annotated in this genome [103]. The expression 
levels were quantified using Python script rpkmforgenes.py 
(www.sandberg.cmb.ki.se/media/data/rnaseq/rpkmforgenes.py) to calculate values of 
reads per kilobase of transcript per million mapped reads (RPKM). 

 
4.2.10 Differential gene expression analysis and CAZy gene annotation 

 
Differentially expressed gene (DEG) analyses were performed using the EdgeR 

Bioconductor package and a dispersion parameter of 0.1. These analyses determined the 
transcriptional changes in the two culture conditions by comparing the gene expression 
values based on read counts. The gene expression values with Log2 fold changes of read 
counts with a p-value < 0.01 and an FDR (False Discovery Rate) < 0.05 as the cut off 
for statistical significance were used.  A DEG with log2 Fold Change ≥ -2 was 
established as an upregulated gene, and log2 Fold Change ≤-2 was established as a 
downregulated gene. 

 
The CAZy gene annotations were based on the JGI automated annotation in the 

PC15 v2.0 reference genome, which uses the CAZy database (http://www.cazy.org/).  
509 transcripts from the PC15 v2.0 genome were matched with CAZy genes from JGI 
automated annotations portal. These CAZy genes identified were used to found CAZy 
Differentially expressed genes (DEG) in each condition evaluated. 

 
4.2.11 Statistics analysis 

 
Minitab® version 18 software was used to construct the statistical design, 

evaluate statistical significances, obtain the regression models, and find the 
simultaneous local optimum of one or more response variables. 

 
 

4.3. Results  
4.3.1 Characterization of laccase activity in different biological pretreatment 
systems in submerged fermentation. 

 

https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/
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Thirteen modified culture media were designed for the biological pretreatment 
of rice husks in submerged fermentation, with glucose and yeast extract, to evaluate the 
effect of culture medium composition on the laccase activity of P. ostreatus in the 
absence and presence of copper sulfate at 1 mM. Table 4-2 shows the composition of 
these culture media according to the mixture statistical design used and the results of 
the maximum laccase activity obtained in these media at day 21 of culture. Figure 4-2 
shows the contours plots. These results showed that the maximum laccases activities in 
the mixtures varied from 150 to 14000 UL-1. In the absence of copper sulfate, the culture 
media with the lowest and highest laccase activity were GYR281063 and GYR051580, 
respectively (see nomenclature designations Table 4-2). The difference in activities 
between these media was higher than an order of magnitude. While in culture media 
with copper sulfate, the mixture with the highest laccase activity was GYR451540 and 
the mixture with the lowest activity was also the mixture GYR051580. The difference 
in activities between these media was also higher than an order of magnitude.  

 
In the statistical analysis of the mixture design, the proportions of the 

components of the mixture were fitted to a suitable quadratic regression model (p-value 
<0.05 and R2 0.8723 and 0.8920) to explain the effect of the modified culture medium 
composition on the laccase activity with and without copper, respectively. In both cases, 
the effect of the interaction of glucose and yeast extract was statistically significant 
(value of p <0.05), and only without copper the interaction of the proportions of glucose, 
and rice husks were also statistically significant (value of p <0.05). These results suggest 
that rice husks also could have an inducer role of laccase activity depending on 
nutritional conditions; however, this possible inducer effect seems to be lower than the 
laccase inducer effect by copper sulfate. 

 
Table 4-2. Maximum laccase activity (MLA) of P. ostreatus in modified culture media 
with different proportions of glucose, yeast extract, and rice husk from a mixture design 
in SmF. 

Mixture 
number 

Culture 
medium 

name 
(GYR)* 

Components 
gL-1 

Variable response 
- Cu2+ +    Cu2+ 

Glucose 
 

Yeast 
extract 

Rice 
husks 

MLA 
(UL-1) 

Log10 
MLA 

MLA 
(UL-1) 

Log10 
MLA 

1 GYR161271 16.25 12.50 71.25 1954 3.29 2661 3.43 
2 GYR251560 25.00 15.00 60.00 2641 3.42 1269 3.10 
3 GYR281063 27.50 10.00 62.50 2913 3.46 5277 3.72 
4 GYR450550 45.00 5.000 50.00 1227 3.09 5847 3.77 
5 GYR361351 36.25 12.50 51.25 1968 3.29 7633 3.88 
6 GYR451540 45.00 15.00 40.00 1438 3.16 13943 4.14 
7 GYR150580 15.00 5.000 80.00 1442 3.16 3671 3.56 
8 GYR101080 10.00 10.00 80.00 1501 3.18 2615 3.42 
9 GYR360856 36.25 7.500 56.25 1927 3.28 3813 3.58 
10 GYR210871 21.25 7.500 71.25 2475 3.39 4403 3.64 
11 GYR051580 5.000 15.00 80.00 157 2.20 564 2.75 
12 GYR451045 45.00 10.00 45.00 2372 3.38 6461 3.81 
13 GYR300565 30.00 5.000 65.00 2317 3.36 3406 3.53 

*The culture medium name indicates its composition; for example, GYR161271 contains 16, 12, and 71 gL-1 of 
glucose, yeast extract, and rice husks, respectively.  
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(a) (b) 
Figure 4-2.  Mixture Contour Plot of maximum laccase activity: (a) Laccase activity in culture media without 
copper; (b) Laccase activity in culture media with copper sulfate 1mM. The number inside the white circle is 
the mixture number shown in Table 4-2. Blue and green are the logarithm on base 10 for the predicted maximum 
laccase activity as the statistical model. 
 
4.3.2 Characterization of two biological pretreatment systems: GYR451540 and 
GYR051580 in submerged fermentation. 

 
Figure 4-3 shows the laccase activity profiles in cultures made using the GYR 

451540 and GYR051580 mixtures in the absence and presence of copper sulfate and the 
laccase isoenzyme and total protein profiles in these cultures at several days. Over time, 
the laccase activity profiles show that laccase activity increases with culture time; 
therefore, the maximum laccase activity for all systems occurred at the end of the culture 
time. The isoforms present in the liquid phase of these pretreatment systems were 
compared with those present in the liquid phase of culture media of the same 
composition in glucose and yeast extract without rice husks at the same time of culture. 
These profiles showed at least three bands or laccase isoforms in the liquid phases of 
some cultures (two isoforms with electrophoretic mobility around 40 kDa and another 
with an estimated size of 70 kDa) whose intensity and number varied in different culture 
media. In the GYR451540 culture, the three isoforms were present both in the absence 
and presence of copper sulfate, whereas in GYR051580, the isoform with the lowest 
electrophoretic run was weakly present, as it also happened in the media without rice 
husks. The total native protein profile shows that the bands with the highest intensity 
correspond to the migration profiles of the laccase isoenzymes. 
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Figure 4-3.  Laccases in two biological pretreatments systems, GYR451540 and GYR051580: (a) Laccase 
activity profile at different culture time; (b) Zymograms of laccase Isoenzymes; (c) Native-PAGE of proteins in 
the supernatant of the corresponding cultures with (+) or without (-) copper as laccase inducer.  
. 

 The change in the concentration of reducing sugars and the final biomass 
production was evaluated in the GYR451540 and GYR051580 cultures during 21 days 
of culture in the absence or presence of copper sulfate (Figures 4-4). In all culture media, 
the concentration of reducing sugars decreased with the cultivation time. Although this 
decrease was gradual in the GYR451540 from days 11 to 21, it was more abrupt in the 
GYR051580 system. In this last culture, the concentration of reducing sugars stayed 
similar to the initial value after 11 days of cultivation with copper, whereas it was lower 
by 86% on day 11 in the cultures lacking copper. At the end of the culture time in the 
systems GYR451540, the reducing sugar concentration was around zero in the absence 
or presence of copper; however, in the GYR051580 systems, it remained around 1 gL-

1. 
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Figure 4-4.  Reducing sugars and fungal biomass in GYR451540 and GYR051580 biological 
pretreatment systems. (a) Reducing sugar concentration in GYR451540 in the absence (red light) or 
presence of 1mM copper sulfate. (b) Reducing sugar concentration in GYR051580 in the absence 
(blue light) or presence of 1mM copper sulfate  (blue dark); (c) Final fungal biomass production in 
GYR451540. (d) Final fungal biomass production in GYR051580. Control in (a) and (b) panels are 
culture media GYR451540 or GYR051580 without P. ostreatus 
 

Finally, the fungal biomass production at the end of the culture made with or 
without rice husks showed differences depending on the initial glucose concentration in 
the system. In the GYR451540 system, which initially had 45 gL-1 glucose (with and 
without copper), the biomass production was similar to that obtained in the media 
without rice husks. In the GYR051580 system, which initially had 5 gL-1 glucose (with 
and without copper), the biomass production in the presence of rice husks was almost 
five times higher than in the media without rice husks. This result suggests that in the 
GYR051580 medium, the decrease in the concentration of reducing sugars by day 14 of 
culture could be inducing the bioconversion of the structural sugars in the holocellulose 
fraction of rice husks to fungal biomass. 

 
4.3.3 FTIR spectra of the rice husks after the pretreatment. 
 

The FTIR spectra of the rice husks recovered from the GYR451540 and 
GYR051580 pretreatment systems at different culture times are shown in Figure 4-5. 
The overlap between the spectra of the untreated and recovered rice husks at different 
cultivation times showed that the coupling between the bands around 3400 cm-1, 2900 
cm-1, and 1100 cm-1 changed with time, and these changes seemed more evident in 
copper treatments. A focus of different fragments of the 1740 region at 1500 cm-1 is 
shown in Figure 4-6, where the spectra of the rice husks treated in both systems 
GYR451540 and GYR051580 with copper sulfate overlap. These regions showed a 
similar number of appearance bands conserved close to the same position in the 
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untreated rice husks spectrum from GYR051580 treatment, whereas most of them 
appeared attenuated in the GYR451540 treatment. The main difference between these 
treatments was observed in the region around 1560, where a deep band appeared in the 
GYR051580 copper treatment, but this band was more tenuous in the GYR451540 
copper treatment. 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 4-5. Rice husks (RH) FTIR spectra overlapping: (a) RH untreated vs. RH from GYR051580 day 14; (b) 
RH untreated vs. RH from GYR051580 day 21; (c) RH untreated vs. RH from GYR051580  + Cu2+ day 14; (d) 
RH untreated vs. RH from GYR051580 + Cu2+  day 21; (e) RH untreated vs. RH from GYR 451540 day 14; (b) 
RH untreated vs. RH from GYR451540 day 21; (c) RH untreated vs. RH from GYR451540  + Cu2+  day 14; (d) 
RH untreated vs. RH from GYR451540 + Cu2+  day 21. 
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(a) (b) 

  
(c) (d) 

 
Figure 4-6. Rice husks (RH) FTIR spectra overlapping at functional group regions: (a) untreated vs. treated with 
copper day 21 on whole spectra. (b) 1740-1680 cm-1 region. (c) 1670-1600 cm-1 region. (d) 1575- 540 cm-1 
region. 
 
 

The analysis of the changes in the lignocellulosic composition of rice husks 
recovered from 21 days of treatment in GYR051580 and 14 and 21 days of treatment in 
GYR451540 with and without copper are shown in Figure 4-7. This analysis showed 
that the most significant changes in the composition of the cellulose, hemicellulose, and 
lignin fractions occurred in the husks recovered at the end of the culture. However, these 
changes depended on the treatment system and the presence of copper sulfate. At the 
end of the cultivation time, cellulose loss was mainly associated with the concentration 
of glucose and rice husks in the pretreatment system rather than the presence or absence 
of copper sulfate: 30% cellulose loss in GYR451540 and 10% in GYR051580. The 
percentage of hemicellulose loss in the treated husks was higher than 25% when copper 
was present. On the contrary, in the treatments without copper, the loss depended on the 
composition of the culture medium. In the GYR051580 treatment, this loss was close to 
20% at the end of the culture. The lignin loss in the husks of the different treatments 
ranged from 25% to 50%. These results did not seem to depend on the presence of 
copper sulfate in the GYR051580 system. In contrast, the highest losses occurred in the 
copper systems in the GYR451540 treatments at different cultivation times. These 
results indicate that lignin loss could be associated with laccase activity in the 
GYR451540, but that was independent on the laccase activity in GYR051580.  
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Figure 4-7. Lignocellulose relative loss in rice husks after biological treatment systems GYR451540 
and GYR051580: (a) Cellulose; (b) Hemicellulose; (c) Lignin. The relative lignocellulose 
composition loss was calculated concerning untreated rice husks.  Means that do not share a letter are 
significantly different (P-value <0.05). 

4.3.4 Transcripts of CAZymes gen analysis in biological pretreatment systems 
GYR451540 with or without copper 
 

The lignocellulose polymers compositional analysis (Figure 4-7) revealed that 
the rice husks recovered from the GYR451540 pretreatment systems were more 
modified with and without copper than those from GYR051580 systems. The rice husks 
from GYR451540 systems also showed more changes in the FTIR spectra. One of the 
main differences between these treatments was the lignin elimination when 1mM copper 
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sulfate was present in the system. The effect of the presence of copper on cellulose was 
negligible while the extent of hemicellulose removal was copper-dependent. Therefore, 
other lignocellulolytic enzymes, especially CAZYs in the GYR451540 systems, were 
explored with and without copper sulfate. For this, we compared the transcriptomes of 
P. ostreatus in culture media with and without rice husks, with and without copper. The 
results are shown in Figures 4-8. These comparisons show that whereas the addition of 
husks to synthetic media induces the differential expression of hundreds of genes, 
copper sulfate addition to culture media containing rice husks induced the differential 
expression of only about twenty genes. In the list of down-regulated and up-regulated 
genes, 107 transcripts annotated in the mkPC15 genome as CAZymes were identified 
from a total of 509 CAZymes genes. Of these 107 transcripts, 77 transcripts 
corresponded to different genes, suggesting that several of these genes were regulated 
in several analyzed conditions. 
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Figure 4-8. Volcano plot highlighting the amount of differentially expressed genes (DEG), 
downregulated (left), and upregulated (right) in P. ostreatus from three different analyzes: (a) DEG 
in culture media GY4515 vs. GYR451540; (b) DEG in culture media GY4515 + Cu2+ vs. GYR451540 
+ Cu2+; (c) DEG in culture media GYR451540  vs. GYR451540 + Cu2+. 

A principal component analysis was performed to establish the correlated 
CAZymes transcripts and their distribution in the evaluated culture media (Figure 4-9). 
The score plot shows that the groupings of the data in the graph follow three 
distributions. In the first component, a cluster containing the media with scale, with and 
without copper. In the second component, two clusters separate the synthetic media with 
copper towards the positive part of the component and the synthetic media without 
copper on the negative part of the component. However, two large groups of CAZymes 
gene transcripts have the most significant effect on each component corresponding with 
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the distribution of the culture media without rice husk and copper in the second 
component and with the distribution of the media with the rice husks and copper in the 
first component. Few transcripts influence the portion of the second component where 
the copper-free and copper-free synthetic media are distributed. All the transcripts were 
separated into two heat maps (Figure 4-9, c and d). In these heat maps, the expression 
levels of each gene are located in descending order concerning the highest expression 
in the synthetic culture media with copper sulfate (panel c) and the highest expression 
in the culture media with rice husks and copper sulfate (panel d). So at the top of the 
gene list are the transcripts with the highest expression values. The results show that of 
the nine genes most expressed in the synthetic medium, GY4515 + Cu2+, only three are 
at similar expression levels in the GYR451540 + Cu2+ medium. While in this list, the 
sixteen genes most expressed in the GYR451540 + Cu2+ medium shared seven with a 
similar expression level in the GYR451540 media without copper. 
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Figure 4-9. CAZymes transcriptional profile analysis of P. ostreatus in different culture media: (a) Principal 
Component Analysis (PCA), clusters CAZymes transcripts by culture media in scatterplot; (b) PCA, clusters 
CAZymes transcripts in biplot; (c) Heatmap analysis of CAZymes transcripts from first PCA component; (d) 
Heatmap analysis of CAZymes transcripts from second PCA component; (e) Top sixteen CAZymes 
overexpressed in GRY 451540 and GYR451540 + Cu2+ systems 

The list of CAZyme gene transcripts identified with expression levels greater 
than 4, their function, and possible substrates are shown in Table 4-3. Finally, in Figure 
4-9, the expression levels of the CAZY genes from Table 4-3 in the GYR451540 and 
GYR451540 + Cu2+ systems are also compared. From this comparison, we found that 
of the six CAZymes genes with possible action on lignin, three transcripts of laccase 
genes, lacc2, lacc10, and lacc6, had expression levels lower than 4 in GYR451540 
media without copper. While the transcripts of the other three lignin-modifying 
CAZymes genes, AA5_1, AA6, and lacc5, had an expression level close to four or at 
the same level as the same gene transcripts in the copper GYR media. Other CAZYs 
transcripts whose possible substrates are xylan or cellulose were identified with 
expression levels as Log RPKM greater than four in both culture systems. 

 
Table 4-3. Carbohydrate Active Enzymes description from CAZy database (http://www.cazy.org/) 

Transcri
pt ID 
(PC15) 

 

 CAZy 
name 

Short 
CAZ
Y 
name 

Catalytic or 
binding module 

Functions Probable 
substrate 

21503  Glycoside 
Hydrolase 
Family 152 

GH152 β-1,3-glucanase Hydrolysis of (1→3)-β-D-
glucosidic linkages in (1→3)-β-
D-glucans 

Fungal  

cell wall 

1114640  Auxiliary 
Activity 
Family 5 / 
Subf 1 

 

AA5_1 

 

Oxidase with 
oxygen as acceptor  
Galactose oxidase 
Glyoxal oxidase 
Alcohol oxidase 
Raffinose oxidase 

AA5_1 enzymes can contribute 
to lignin degradation through 
extracellular peroxide 
generation, which is needed for 

Lignin 

http://www.cazy.org/


76 
 

manganese peroxidase (MnP) ) 
[178]. 

1056411  Auxiliary 
Activity 
Family 6 

AA6 1,4-benzoquinone 
reductase 

Oxidoreduction of  
benzoquinone to  hydroquinone 

Lignin 

1067328 

1089723 

1113032 

 

 Auxiliary 
Activity 
Family 1 / 
Subf 1 

Lacc2 

Lacc10 
Lacc6 

 

AA1_1 are 
multicopper oxidases 
that use diphenols 
and related 
substances as donors 
with oxygen as the 
acceptor. 

Laccase / p-
diphenol:oxygen 
oxidoreductase 

Oxidation of hydroxyl groups in 
several compounds and reduction 
of oxygen 

Lignin 

1094975  Auxiliary 
Activity 
Family 1 / 
Subf 2 

Lacc5 AA1_2 

Ferroxidases 

 Lignin 

1067159 

1078467 

27283 

 Carbohydrat
e Esterase 
Family 4 

 

CE4 Acetyl xylan esterase 

Chitin deacetylase  

Chito-
oligosaccharide 
deacetylase 

Deacetylation of xylans and 
xylo-oligosaccharides 

Hydrolyses the N-acetamido 
groups of N-acetyl-D-
glucosamine residues in chitin. 

Xylan  

Chitin 

1101230  Auxiliary 
Activity 
Family 7 

AA7 Glucooligosaccharid
e oxidase (GOOX) 

GOOX found in this family 
oxidizes the reducing end 
glycosyl residues of 
oligosaccharides linked by 
alpha- or beta-1,4 bonds and 
glucose. 

Xylan 

Cellulose 

1045423  Glycoside 
Hydrolase 
Family 45 

GH45 Endoglucanase  
Xyloglucan-
specific endo-β-
1,4- glucanase / 
endo-
xyloglucanase; 
Endo-β-1,4-
mannanase 

Also, hydrolyses 1,4-linkages in 
β-D-glucans containing 1,3-
linkages. 

Cellulose  

Xylan 

Other 
Hemicellulos
es 

1054597 

1097844 

 Carbohydrat
e-Binding 
Module 
Family 13 

 

 

 

CBM1
3 

Modules of approx. 
150 residues found 
in Glycoside 
hydrolases, 
glycosyltransferase
s, xylanase, 
arabinofuranosidas, 
GalNAc transferase 
4. 

These modules can bind 
mannose, xylan, GalNAc. 

Xylan  

Cellulose 

1098120  Auxiliary 
Activity 
Family 9 

AA9 AA9 are copper-
dependent lytic 
polysaccharide 
monooxygenases, 
Lytic cellulose 
monooxygenases 
(LPMOs) 

AA9 cleavage of cellulose 
chains with oxidation of 
carbons C1 and/or C4 and C-6 

Cellulose 

1059085  Glycoside 
Hydrolase 
Family 79 

GH79 β –glucuronidase, 
hyaluronoglucuronidas
e 
heparanase baicalin, 
β–glucuronidase, 
β-4-O-methyl-
glucuronidase  

Glycosidase family 
of enzymes that catalyze breakd
own of complex carbohydrates 

Cellulose 

https://en.wikipedia.org/wiki/Glycosidase
https://en.wikipedia.org/wiki/Enzyme
https://en.wikipedia.org/wiki/Catalyze
https://en.wikipedia.org/wiki/Carbohydrates
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4.4 Discussion  

 
This study compared some biological pretreatment systems with different 

laccase activities to determine compositional changes in rice husks and the CAZymes 
likely involved in this process. To select the systems to compare, we initially evaluated 
the effect of the culture medium composition on the laccase activity in the absence or 
presence of the laccase inducer copper sulfate. These culture media contained glucose, 
yeast extract, and rice husks. The different compositions evaluated were established 
through a mixture design of extreme vertices restricted to minimum glucose and yeast 
extract concentrations. Since we previously observed that P. ostreatus could grow and 
colonize the rice husks in solid culture but grows poorly in submerged culture without 
an initial source of glucose and nitrogen. 

 
Several multifactorial aspects involved in the strategy of producing laccases in 

submerged culture (SmF) using lignocellulosic-modified culture media have been the 
subject of  other studies using P. ostreatus and other withe-rot fungi [179]–[181]. Using 
a basal culture medium with glucose, peptone, yeast extract, 1mM copper sulfate, and 
2% of various lignocellulosic materials, the laccase activity also varied from 6,543 to 
9,300 UL-1 in SmF of Trametes hirsuta [182]. With a high laccase activity 41640 UL-1 
on day 12th culture, laccase production has been scaled up to 102 L bioreactors in SmF, 
using 4% wheat bran and Cerrena unicolor C-139,  in basal media of 5.5  gL-1 glucose, 
2 gL-1 peptone, 2 gL-1 of yeast extract, and the laccase inducer copper sulfate [183].  
Similary, Our results showed that changes in the glucose and yeast extract initial 
concentrations in the basal medium can negatively or positively affect laccase activity 
despite the presence or not of lignocellulosic material in the modified medium. For 
example, if the initial glucose conditions are insufficient, the laccase activity could be 
reduced by up to one order of magnitude; when compared to the activity observed in 
glucose-sufficiency conditions with yeast extract where the laccase activity by copper 
sulfate is increased up to order of magnitude (Table 4-2 and Figure 4-2). 

 
From evaluating the effect of the culture medium on laccase activity, we chose 

two systems with the highest and lowest laccase activity to compare laccase production, 
fungal biomass production, and glucose consumption. These systems were GYR451540 
and GYR051580 (Figure 4-2). These systems differ in the initial glucose and rice husks 
concentrations, accounting for 4% of lignocellulosic biomass in the GYR451540 system 
and 8% in GYR051580 (Table 4 2). Based on the rice husks elemental composition 
analysis of carbon and nitrogen previously performed (data not shown), the estimated 
C: N ratio in both cultures was approximately 18: 1. When the fungal growth of P. 
ostreatus in these two systems GYR451540 with or without copper was compared, it 
was found that in the GYR451540 systems, the final biomass production was similar to 
the final biomass in culture media without rice husks, GY4515. However, the final 
biomass production in the GYR051580 systems was fourfold higher than in the culture 
media with rice husks. These results suggest the bioconversion of rice husk sugars to 
fungal biomass in GYR051580 systems. A signal of this possible bioconversion in a 
submerged system with P. ostreatus was indirectly showed when, in a medium with 20 
gL-1 of glucose and 0.5 gL-1 of ammonium sulfate, the addition of 20 gL-1 of orange peel 
increased the growth rate by 52% [184]. 
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Lignocellulose biomass pretreatment using P. ostreatus has been more often 
studied in rice straw pretreatment than rice husks in solid fermentation [23], [185]–
[187]. In many of those studies, combining different physical or chemical pretreatments 
or changing the culture variables, the percentage of lignin removal from rice straw have 
been 33% [185], 41% [23], and up to 81% [186] for various lignocellulose feedstock 
and  40% in rice husks  [187]. These studies also emphasize selectivity as lignin removal 
and the cellulose ratio, which varied in 4:1, 2:1, 1:1, and 3:1[23], [185]–[187]. In 
submerged culture, our comparisons of the compositional analysis of rice husks treated 
in the GYR451540 and GYR051580 systems with and without copper showed that this 
lignin: cellulose removal selectivity changed from 2:1 to 8:1, with a removal of 50% 
and 35% lignin, respectively (Figure 4-7). 

 
In other biological pretreatments, high selectivity in lignin removal produced 

cellulose 3% with 18% removal of lignin and 21% removal of hemicellulose, occurred 
with an increase in laccase and xylanase that was higher than that of endo- and exo- 
glucanases during the culture time [188]. A reduction in the band depth of 3400 cm-1 
when comparing the FTIR spectra of the rice husks of both GYR451540 and 
GYR051580 copper pretreatments shows an important modification in the hydroxyl 
groups (Figure 4-5). Additionally, due to the differences in the lignin and cellulose 
removal selectivity in these two systems, it is possible that the reduction of the bands in 
the regions 1740-1680 cm-1 and 1680-1630 cm-1 (Figure 4-6), aldehyde, ketone, ester, 
or carboxylic acid probably resulting from both laccase action on aromatic ring structure 
of lignin and xylanases or cellulases actions in the carbonyl group [189], [190] in 
GYR451540 treatment. While in GYR051580, the appearance of these bands could be 
more related to the exposure of these functional groups in hemicelluloses by xylanases 
actions. In the 1575-1530 cm-1 region where ring stretching associated with ring 
aromatic lignin or furans in cellulose is adsorbed, the main difference between the FTIR 
spectra of the rice husks of the GYR451540 and GYR051580 systems with copper was 
the appearance of a band around 1562 cm-1 which is much deeper in the spectrum of 
GYR051580. This band, 1562 cm-1, still needs to be assigned to a lignocellulose 
compound [191]. 

 
In the transcriptomic analysis, we only selected the GYR451540 systems in the 

presence and absence of copper sulfate. The focus of this analysis was on the CAZymes 
annotated in the mkPC15 genome. In general, this analysis showed that a small number 
of genes are differentially expressed when the transcriptome of P. ostreatus in 
GYR451540 was compared with copper and without copper. These suggest that rice 
husks had a more significant influence on the P. ostreatus transcriptome regulation than 
copper sulfate (Figure 4-8). It has already been observed that the presence of wood 
increased the secretome complexity than glucose in dikaryon and monokaryons strains 
of P. ostreatus [192]. However, the transcripts of lacc2, lacc10, and lacc6 were the only 
differentially expressed genes by adding copper on the top sixteen CAZymes over-
expressed in the rice husks systems.  The lacc5 transcript, recognized as a ferroxidase, 
was overexpressed under both conditions, GYR451540 with or without copper. 
Transcripts encoding auxiliary CAZymes, AA5_1, and AA6, were also found in the 
group of enzymes that could contribute to lignin modification. AA5_1 (jig #ID, 134564, 
in mkPC9) was among the three most abundant proteins in the mkPC9 secretome when 
grown on synthetic medium or media with poplar wood lignocellulose non-timber 
wheat straw. While AA6, a flavodoxin (jig #ID, 115319, in mkPC9), was also in the 
mkPC9 secretome but only in lignocellulose media  [30].  
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The high glucose concentrations in the GYR451540 systems with and without 

copper sulfate could induce Carbon Catabolite Repression (CCR) and inhibit the 
overexpression of CAZymes genes  [82]. However, the comparative analysis of the P. 
ostreatus transcriptome in culture media with and without rice husk and high glucose 
concentrations showed that several CAZymes genes were overexpressed in both the 
GYR451540 systems. Furthermore, the loss of an important fraction of cellulose and 
hemicellulose in the compositional analysis of the husks from these systems suggests 
that the secretion of these enzymes occurred. Studying the mkPC9 P. ostreatus strain 
showed that the CRE mutant knockout resulted in a less efficient biological pretreatment 
of wheat straw. In contrast, the cre1 mutant, with overexpression, failed to improve 
efficiency, indicating that the secretion level of CAZymes was not exclusively 
dependent on CRE activity [193]. In the same sense, our results suggest that although 
high concentrations of glucose do not inhibit the transcription of other CAZymes, they 
influence the activity, isoenzymes, and inducing effect of laccase by copper, which 
influences the cellulose: lignin removal selectivity. The other CAZymes, CE4, CBM13, 
GH79, were detected in the mkPC9 secretome. However, the transcripts of three 
important enzymes that participate in the bioconversion of rice husks, AA9 (LPMOs), 
AA7 (GOOX), and GH45 (endoglucanases), overexpressed in our study, were not 
detected in the exoproteome of mkPC9 culture conditions [30].  

 
Finally, our results show that the use of culture media modified with 

lignocellulosic biomass could represent a strategy to reduce laccase production costs by 
adding value to lignocellulosic residues and represents a strategy to produce enzymatic 
cocktails rich in laccase and other lignocellulolytic enzymes. Furthermore, this culture 
media-modified strategy could help design biological pretreatment systems for highly 
recalcitrant lignocellulosic biomass such as rice husks. 

 
4.5 Conclusions 

 
In this study, the effect of the composition of different culture media modified 

with rice husks in the presence and absence of copper sulfate on the laccase activity of 
P. ostreatus in submerged culture was evaluated. The inducing effect of the laccase 
activity of copper sulfate was affected by the rice husks concentrations in the culture 
media. Therefore, two culture media with different copper-induced laccase isoenzymes 
and activity were selected to compare the compositional changes of the rice husks 
recovered from these two systems, showing that the culture medium with the highest 
laccase activity presented the greatest lignin loss that was almost 50%; however, high 
lignin losses of around 35% were also observed in the modified media with the highest 
concentration of rice husks and the lowest magnitudes of laccase activity even in the 
presence of copper sulfate.  

 
Other lignocellulose components were also affected during the treatment; 

percentages of cellulose loss around 30% and hemicellulose loss of 28% were achieved 
regardless of laccase activity. The analysis of the P. ostreatus transcriptome in synthetic 
media modified with rice husks in the presence and absence of copper sulfate showed 
that rice husks also induce transcripts of laccase and other CAZymes, which could 
explain the changes in lignocellulose of the rice husks observed in the absence of copper 
sulfate and with laccase activity two orders of magnitude lower than that induced by 
copper sulfate in modified media of the same composition. 
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Chapter 5 
 

Comparative analysis of the Pleurotus ostreatus 
transcriptome in synthetic culture media, with 

rice husks and copper sulfate in SmF 
  

Abstract: This study compared the Pleurotus ostreatus transcriptome in different culture media with 
laccase inducers in submerged fermentation. Copper sulfate and rice husks were used as laccase 
inducers to identify possible genes that regulate these enzymes laccase. For this purpose, a synthetic 
culture medium based on glucose and yeast extract was used to produce fungal biomass in the 
presence and absence of copper sulfate and the presence and absence of rice husks or both substances. 
The results show that copper induces laccase activity two orders of magnitude more than rice husks; 
however, rice husks could induce one extra isoenzyme laccase, and at the transcriptional level, rice 
husks induced lacc2, lacc5, lacc6, and lacc10 as copper sulfate but at different relative order 
transcriptional using real-time qPCR. The comparative analysis of the transcriptome focused on 
identifying the most up and down-regulated genes for each pair of conditions tested and on the 
identification of genes centrally upregulated and down-regulated in all conditions tested. The lacc2, 
lacc6, and lacc10 genes were in the top ten of the upregulated in copper sulfate cultures, while lacc5, 
lacc6, and lacc10 were among the centrally upregulated genes in the presence or absence of copper 
sulfate or rice husk or both. It was found that a large number of transcripts correspond to unknown 
conserved proteins. The genes identified were grouped into four groups: structural components and 
binding protein, nitrogen metabolism and uptake nutrients, copper uptake, ion transports, and copper 
metabolism. The analysis of the expression level of these genes in the evaluated conditions allowed 
the identification of genes possibly associated with the morphological changes observed in the media 
with rice husks, CBM13, and Vmh2, transcripts associated with nitrogen metabolisms such as the 
NMR regulation factor, and copper transporter as CTRs involved in the copper uptake. Laccases and 
other copper-dependent proteins were overexpressed in the conditions evaluated in the presence of 
copper sulfate, which suggests that possibly several of the transcripts mentioned above are associated 
with laccase regulation. Other studies are needed to evaluate these possible associations.5 

 
5.1 Introduction 
 

Bioprocesses are based on detecting the environment and the consequent 
cellular response that all microorganisms and living organisms have developed in their 
evolutionary processes [78], [194]. This bidirectional detection and response process to 
the environment occurs sequentially through complex cellular pathways of reception, 
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transduction, and response to environmental signals [195]. In a bioreactor, the 
microorganisms receive the signals from the culture medium and the culture conditions 
and, in response, produce biomass, proteins, or substances of industrial interest. 

 
In fungi, membrane proteins mediate the signal reception stage in this 

interaction between the organism and the environment [195]. On the one hand, some 
integral membrane proteins are part of membrane transport systems that transport 
ionized and hydrophilic molecules, such as salts, carbohydrates, or amino acids, that 
cannot pass freely through the membrane. These transport systems have been classified 
into two general groups: channels and carriers, including transporters, porters, or 
permeases. In this case, some molecule's intracellular and extracellular concentrations 
can be the signal that triggers a response [196]. Transport systems also act bi-
directionally. In the case of metals, since many of them are cofactors of some enzymes 
that require metals such as Fe, Zn, Mn, or Cu, the metal transport systems are finely 
regulated to allow the taking of metals from the environment, maintain homeostasis, and 
avoid toxicity [197]. 

 
On the other hand, other membrane proteins belong to a protein system that 

participates in a signaling complex called the G-protein signaling system or Guanidine 
nucleotide-binding proteins [194]. This system has been described mainly in detecting 
glucose concentration and participates in detecting other external signals, including 
pheromones or stress conditions [198]. The G protein signaling complex comprises 
three components: a G protein-coupled receptor (GPCR), a transmembrane protein that 
forms seven loops, and whose two ends are located outside the cell; in the cytoplasm 
part of the complex, a heterotrimeric G protein is made up of three subunits, alpha (α), 
beta (β), and gamma (ϒ), and the last components is a GTP molecule bound to the alpha 
subunit [199]. The mechanism begins when the ligand in the medium (glucose or 
nitrogen) binds to the GPCRs; these induce a conformational change that activates the 
GTPase domain of α subunit, which separates from the trimer. Inside the cell, adenylate 
cyclase (AC) has a GTP-binding site attached to α subunit that activates its catalytic 
capacity and allows AC to convert ATP to cAMP. cAMP is a second messenger that 
activates gene transcription and regulates the R subunit of cAMP-dependent Protein 
Kinase downstream. Four cAMP molecules bound to the R subunit of PKA release the 
catalytic subunit of this protein. PKA participates in the control of glucose metabolism 
and the regulation of the cell cycle [26]. 

 
In submerged fermentation (SmF), filamentous fungi form compact and 

spherical structures of mycelial mass, called pellets [200]. The pellets have a spherical 
shape surrounded by a peripheral area from which filaments of different thicknesses and 
lengths protrude [201]. In addition to the pellets, mycelial or disperse mycelial hyphae 
structures can be found in fungal SmF cultures as prevalent morphology [9, 8].  Whether 
a filamentous fungus acquires one or another morphology depending on various factors 
such as initial inoculum concentration, pH, stirring speed, and the composition of the 
culture medium, among others [202]–[204]. The fungus morphology has several 
implications in the bioprocess: on the one hand, it is related to changes in viscosity and 
limitation in mass transfer in the culture; on the other hand, it is related to the production 
of specific metabolites [201], [204], [205]. 

 
Pleurotus ostreatus is a filamentous fungus belonging to the white-rot 

basidiomycetes group as it can produce several ligninolytic and lignin-modifying 
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enzymes (LMEs) [30]. The biotechnological potential of P. ostreatus today is centered 
on its ability to produce laccases [19], [59]. These multicopper oxidase enzymes are the 
main LMEs produced by P. ostreatus in the presence of copper sulfate [116], [121], and 
lignocellulosic substrates [30]. 

 
This study presents the macroscopic and molecular identification of a P. 

ostreatus isolate and compares its transcriptome when grown in synthetic media 
(Glucose, yeast extract, GY) and synthetic media modified with rice husks (GYR) in the 
presence and absence of 1mM copper sulfate (Cu2+), and in SmF. This comparison 
focused on the transcripts differentially expressed between the synthetic medium and 
the modified media in the presence and absence of copper sulfate to identify transcripts 
associated with the effect on laccases of copper sulfate and rice husks. 

 
5.2 Methods 

 
5.2.1 Fungal strain and culture conditions 

 
The P. ostreatus strain ANDES-F515, provided by the Laboratory of Mycology 

and Phytopathology of the Universidad de Los Andes-LAMFU and deposited in the 
ANDES Natural History Museum (MHN ANDES), was isolated in the Bosque de la 
Merced, Santa Bárbara village, Bojacá, Cundinamarca, Colombia. The dikaryotic 
mycelium was maintained and conserved on Malt Extract Agar at 4 °C, with periodic 
replication of the growth zone for eight days of incubation at 25 ° C in the dark. 

 
Molecular identification was performed by analyzing two internal transcribed 

spacer sequences (ITS)[206]. In this analysis, the fungal DNA was first obtained using 
the EZNA SP Fungal DNA Mini Kit D5524-01. Then total fungal DNA was used as a 
template for ITS amplification by PCR, which was carried out using the universal 
primers ITS1_FW 5'-TCCGTAGGTGAACCTGCGG-3', ITS2_RV 5’-
CGTAGCTACTTCTTGCGTCG-3’, and ITS4b_RV 5'-
GACCTGGCACATGTTCAGAGGAC-3' [206][207]. The amplification protocol was 
as follows: denaturation 5 min at 95 °C, 29 cycles of 1 min at 95 °C, 30 s at 53 °C, 1 
min at 72 °C. The process ended with a final extension step of 10 min at 75 ºC.  The 
PCR amplified products were run on a 1% agarose gel from which they were cut and 
purified using an E.N.Z.A® gel extraction kit and sequenced by the Sanger method. The 
ITS1-ITS2 DNA sequences and the ITS1-ITS4b sequences were compared with the 
compilation available in the GenBank/EMBL/DDBJ database using BLASTN 
(http://www.ncbi.nlm.nih.gov/blast).  

 
The SmF cultures were performed in 500 mL flasks containing 200 mL of 

synthetic culture medium composed of 45 gL-1 glucose and 15 gL-1 yeast extract (GY 
culture). The rice husks was added at 40 gL-1 and the copper sulfate at 0.25 gL-1 (1mM). 
All SmF cultures were inoculated with five 4 mm diameter plugs taken from the growth 
zone of eight-day Malt Agar plate cultures and incubated at 25°C, 150 rpm, in the dark 
for 14 days. All experiments were performed in triplicate. 

 
5.2.3 Laccase activity determination 
 

http://www.ncbi.nlm.nih.gov/blast
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Laccase activity was determined with ABTS (2,2-azino-bis(3-
ethylbenzthiazoline-6-sulfonate)) as the substrate [95]. The assay mixture contained 1 
mM ABTS, 20 mM sodium acetate buffer (pH 5.0), and 10 μL aliquots of an 
appropriately diluted enzyme sample. Oxidation of ABTS was monitored by following 
the increase in 𝐴𝐴436 (ε 29.3 mM-1cm-1). A laccase activity unit was defined as the 
enzyme required to oxidize 1 μmol ABTS per minute at 25 °C. 

 
5.2.4 Zymograms 

 
Non-denaturing gel electrophoretic conditions (native-PAGE) were used to 

visualize the isoenzymes present in the culture supernatants [98]. The stacking and 
running gels contained 4% and 9% acrylamide and were adjusted to pH 6.8 and 8.8, 
respectively, with Tris-HCl buffer. The running buffer was Tris-Glycine pH 8.3. The 
isozymes were revealed by staining the gel with 2mM of ABTS solution. 

 
5.2.4 RNA isolation and transcriptional analyses 

 
The fungal biomass produced all synthetic and modified culture media with or 

without 1 mM Cu2SO4 were harvested on day 14th of culture for RNA isolation. The 
mycelium was collected by centrifugation and filtration, immediately frozen in liquid 
nitrogen, and grounded in a mortar to a fine powder. Then, 100 ng of the powder was 
transferred to a 1.5 mL microcentrifuge tube for total RNA extraction using a Fungal 
RNA EZN.A Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturing 
guidelines. Finally, the integrity and quantity of RNA were validated using Bioanalyzer 
(version 2100) and Qubit 2.0 fluorometer. 

 
5.2.5 Real-time qPCR 

 
Reverse transcription (RT) was performed using 800 ng per sample of the total 

RNA to obtain cDNA in a 20 µL volume using an iScript cDNA synthesis kit (Bio-Rad, 
Alcobendas, Spain). According to manufacturing instructions in a thermal cycler, 
incubation of a complete reaction mix was carried out (MJ Research, Inc). RT products 
were diluted 1:20 and kept at -20 °C until used. Real-time qPCRs were performed in a 
CFX96 real-time system (Bio-Rad Laboratories, SA) using SYBR green dye to detect 
product amplification [59]. Each reaction mixture was set to a final volume of 20 µL 
containing 10 µL iQ SYBR green supermix (Bio-Rad Laboratories, SA), 2 µL of 5 µM 
stock forward and reverse primers (Table 2-2, in section 2.2.4, Chapter 2), 1 µL of 
diluted RT product, and 5 µL of sterile water. Cycling conditions were as follows: 
denaturation 5 min at 95 °C, 40 cycles of 15 s at 95 °C, 30 s at 63 °C, 15 s at 72 °C, and 
a final step with a step increase of 0.5 °C every 5 s from 65 to 95 °C in a linear gradient. 
Each reaction was performed in triplicate, and nontemplate controls (NTCs) were 
included for each primer set. An experimentally validated inter-plate calibrator (IPC) 
was used to compensate for inter-plate variation. Crossing-point (Cp) values and relative 
fluorescence units were recorded, and the latter was used to calculate amplification 
efficiencies by linear regression using the LinReg program [99]. Forward (Fw) and 
reverse (Rv) primers sequence for the laccase and reference genes were those described 
by Castanera et al.[28], [59], [99]. 
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5.2.6 mRNA-seq analysis  
 

Illumina compatible libraries were prepared to be sequenced using the Illumina Nova 
Seq 6000 system from an mRNA isolate originating from RNA total. Following 
sequencing, RNA-seq data were filtered for assurance quality using FastQC and 
trimmed with BBDuk to remove adapters and low-quality reads 
(https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/). The 
www.genome.jgi.doe.gov/PleosPC15_2/PleosPC15_2.home.html was used as a P. 
ostreatus genome reference for aligning the resulting reads using STAR v2.3.16 [101]. 
The parameters used to achieve a single hit mapping were: --outReadsUnmapped Fastx 
--outFilterMismatchNoverLmax 0.04 --outFilterMultimapNmax 1. The mkPC15 v2.0 
reference genome was assembled entirely in twelve scaffolds (34.3 Mb genome 
size)[102]. In total, 12,330 genes were annotated in this genome [103]. The expression 
levels were quantified using Python script rpkmforgenes.py 
(www.sandberg.cmb.ki.se/media/data/rnaseq/rpkmforgenes.py) to calculate values of 
reads per kilobase of transcript per million mapped reads (RPKM). 

 
 

5.2.7 Differential gene expression analysis and gene annotation 
 

Differentially expressed gene (DEG) analyses were performed using the EdgeR 
Bioconductor package and a dispersion parameter of 0.1. These analyses determined the 
transcriptional changes in the two culture conditions by comparing the gene expression 
values based on read counts. The gene expression values with Log2 fold changes of read 
counts with a p-value < 0.01 and an FDR (False Discovery Rate) < 0.05 as the cut off 
for statistical significance were used.  A DEG with log2 Fold Change ≥ -2 was 
established as an upregulated gene, and log2 Fold Change ≤-2 was established as a 
downregulated gene. 

 
The genes annotations were based on the JGI automated annotation to transcript 

identifications of the mkPC15 v2.0 reference genome. JGI automated annotation uses 
the following databases: Gene Ontology (GO), Kyoto Encyclopedia of Genes and 
Genomes (KEGG), InterPro (IPR), Eukaryotic Orthologous Groups (KOG) and Enzyme 
Commission numbers (EC number), Transporter Classification Database (TCDB), 
Carbohydrate-Active EnZymes (CAZymes) and MEROPS database ( proteolytic 
enzymes) [104]. For the unannotated genes, the Basic Local Alignment Search Tool 
(BLAST) was used to find local similarity between JGI sequences unannotated and The 
National Center for Biotechnology Information (NCBI) standards database sequence 
[105], [106]. 

 
 

5.3 Results and discussion 
 
5.3.1 Morphological and molecular identification of P. ostreatus ANDES-F515 

 
Figure 5-1 shows the fruiting bodies of the P. ostreatus ANDES-F515 isolate. 

In this figure, at least four basidiocarps can be seen. The largest basidiocarp has a short 
stipe with a wide rolled cap with wavy edges and a whitish color. The lamellae are white 
and descend to the stipe. Three lower and anterior basidiocarps show that the stipe is 

https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/
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off-center. All these characteristics correspond to the genus Pleurotus. Additionally, the 
molecular characterization of the species by the analysis of ITSs produced a significant 
alignment of the ITS1-ITS4b sequence obtained from the DNA of the fungus with the 
accession MT778826 P.ostreatus available in the GenBank / EMBL / DDBJ database 
using BLASTN (http://www.ncbi.nlm.nih.gov/blast). This alignment had 95.86% 
identity, 97% query coverage, and an E value of 0.0. Other P. ostreatus sequences also 
had good homology, and although the ITS1-ITS4b sequence also had a significant 
alignment with other fungal strains such as Laccocephalum mylittae, the basidiocarp of 
this species has very different morphological characteristics. 

 

 

Figure 5.1. The fruiting body of P. ostreatus ANDES-F515 

5.3.2 Morphological characteristics of P. ostreatus ANDES-F515 in submerged cultures 
supplemented with rice husks 

 
 

The pellets obtained from the GY culture medium (glucose-yeast extract) 
without rice husks and those obtained from the GYR culture medium (GY with rice 
husks) are shown in Figure 5-2. One of the main differences observed between GY 
synthetic media and GYR rice husks modified media was the morphology of the pellets. 
These visible differences in the pellets were independent of the presence of copper 
sulfate. On the one hand, the pellets produced in the GY medium had the typical 
spherical shape surrounded by a peripheral zone from which filaments of different 
thicknesses and lengths protruded. On the other hand, the pellets produced in the GYR 
medium had a spherical, compact, and smooth shape. The size of the pellets was variable 
during the first 8 days of culture. 

 
                                             (a)                 (b) 

Figure 5.2.  P. ostreatus growth in SmF:  (a) Pellets in GY synthetic culture media; (b) Pellets in synthetic 
media modified with rice husks (GYR). 

The morphological changes observed in the pellets in SmF cultures of P. 
ostreatus can result from many factors, including inoculum size and culture conditions 
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such as mechanical agitation [208]. In SmF of several filamentous ascomycetes, the 
relationship between the change in morphology, mainly from dispersed mycelium to 
pellets, and the secretion of enzymes or metabolites of interest has been reported [49], 
[209]. In some cases, these changes occurred due to changes in the type of carbon source 
[210], affecting enzyme secretion [211]. In another white-rot basidiomycete fungus, 
Phenerochaete chrysosporium in SmF, the pellet morphology was associated with 
lignin peroxidase secretion [212], [213] 

 
Some studies have demonstrated the effect of mechanical agitation in 

submerged cultures of P. ostreatus, and the effect of hydrodynamic stress on laccase 
activity has been evaluated. Initially, agitation was found to affect laccase activity, 
perhaps due to stimulation of proteases [73]. Subsequently, it was found that increasing 
agitation reduces the size of the pellets, which favors fewer diffusion limitations and an 
increase in metabolically active biomass, which positively affects lacc10 transcription 
levels [214]. 

 
5.3.3 Laccase activity and laccase gene expression in P. ostreatus SmF supplemented 
with rice husks and copper 

 
The synthetic culture medium glucose-yeast extract (GY) composition resulted 

from the study of various GY media in which different concentrations of both 
compounds were tested. From this evaluation, the GY medium of composition (45 gL-1 
glucose, 15 gL-1 of yeast extract: GY 4515) yielded the highest biomass production. 
Similarly, the amount of rice husks added to the GYR medium resulted from evaluating 
various rice husks concentrations to increase biomass and laccase production in the 
presence of 1 Mm copper sulfate. We selected these culture media to study the laccase 
activity and laccase gene transcription in the presence of these inducers. 

 
The laccase activity released to the supernatant in SmF cultures of P. ostreatus 

supplemented with rice husks and copper is shown in Figure 5-3 (a). Copper addition 
increased the laccase activity recovered in the supernatant both in the absence (GY 
cultures) and the presence of rice husks (GYR). In the absence of copper sulfate, the 
basal laccase activity recovered was similar in the GY and the GYR media, although, 
in the presence of copper, the activity recovered from the GY media was higher than 
that from the GYR, suggesting that the macromolecular lignocellulose present in the 
rice husks is not a potent laccase inducer in these culture conditions. 

 
The zymographic study of the laccase activities recovered is shown in Figure 5-

3 (b). Three sets of activity bands were detected with apparent mobilities of 35, 40, and 
75 kDa. The 35 and 40 kDa bands were detected in all the samples, albeit the inducer 
increased their intensity. Moreover, an additional band of 75 kDa (presumably 
corresponding to Lacc6) appeared in the copper-supplemented cultures, although its 
induction was more robust when the rice husks were absent in the media. Interestingly, 
a high molecular size band was consistently observed in the GRY cultures supplemented 
with copper absent in all the other conditions. The nature of this band deserves further 
investigation as it has not been identified yet. 
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Figure 5.3.  Laccases in GY and GYR culture media of P. ostreatus: (a) Laccase activity; (b) Isoenzymes of 
laccases in the liquid culture extract, media without copper (-), with copper (+); (c) relative transcription of 
twelve laccase genes in P. ostreatus. The transcript levels were expressed as fold changes (FC) compared to 
the housekeeping genes. 

We carried out a qPCR analysis of the 12 laccase gene transcription in these 
conditions to validate the results obtained. The results are shown in Figure 5-3 (c). We 
could detect laccase genes transcription in eleven of the twelve laccases genes (all but 
lacc8), although at very different levels. An intense copper inducer effect was observed 
for lacc2, lacc6, and lacc10 in the presence and the absence of rice husks. In these three 
cases, the inducer effect was slightly higher in the absence than in the presence of rice 
husks, which fits with the activity and zymographic results discussed above. 
Interestingly, an apparent laccase expression inducer effect was seen for the rice husks 
in lacc2, lacc5, lacc6, and lacc10, even in the absence of copper. In these cases, the rice 
husks inducer effect is weaker than the copper effect (compare lanes GY, GYR, and 
GY+Cu2+), and these two inducer effects seem not to be additive suggesting that they 
are somehow competitive pathways. The other six laccase genes, lacc4, lacc7, lacc9, 
lacc11, and lacc12, were downregulated expression at different levels in GY+Cu2+ and 
GYR experimental conditions.  
 
5.3.4 Transcriptome analysis of P. ostreatus SmF supplemented with rice husks and 
copper 
 

To study the effect of the addition of rice husks or copper to SmF cultures of P. 
ostreatus made in GY 4515, the complete transcriptomic profiles of the samples 
corresponding to cultures without inducer (GY), supplemented with either one of them 
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(GY+ Cu2+, and GYR), and supplemented with both of them (GYR + Cu2+) were 
obtained. 

 
Figure 5-4 shows the volcano plot distribution of the pairwise comparisons of 

the transcriptomes recovered from cultures made in the above conditions using an FDR 
<0.05, log2 FC≥2 as a threshold to differentially expressed genes (DEGs) downregulated 
(log2FC≤-2) and upregulated (log2FC≥2). The addition of rice husks (GYR) had a more 
substantial effect than the addition of copper (GY+Cu2+), as shown by the larger number 
of DEG detected when compared to the basal condition (GY): whereas the expression 
of 142 genes was downregulated upon husks addition, only 90 were so upon copper 
supplementation. A similar result can be seen in the upregulated genes where 386 were 
detected upon rice husks, and copper comparatively upregulated just 189. The effect of 
the combined addition of rice husks and copper (GYR+Cu2+) revealed 172 
downregulated and 412 upregulated genes in comparison with the basal state (GY). 
These results highlight that the addition of rice husks produces a more generalized 
metabolic effect than the addition of copper and that this broader effect of the 
lignocellulose is somehow dominant over the effect of the mineral inducer, as the 
combined effect of both supplements is more similar to the sole effect of rice husks. 
These results also indicate the specificity of copper as a laccase inducer since its effect 
on the expression of these genes is larger than the corresponding effect at the whole 
genome level. 
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Figure 5.4.  Volcano plots highlighting the differentially expressed genes (DEG), downregulated (log2FC≤-2), 
and upregulated (Log2FC≥2) in P. ostreatus from three different transcriptome comparisons: (a) GY vs. 
GY+Cu2+; (b) GY vs. GYR; (c) GY vs. GYR+Cu2+ 
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From this analysis, the ten most downregulated and upregulated transcripts 
identified in each comparison are shown in Figure 5-5. The genes were called after the 
automatic annotation of P. ostreatus PC15 available at 
www.genome.jgi.doe.gov/PleosPC15_2/PleosPC15_2.home.html. Of the 60 transcripts 
corresponding to the top ten upregulated and downregulated genes in the three pairwise 
comparisons, 28 coded for genes with unknown function. The unknown genomic 
sequences were aligned against GenBank/EMBL/DDBJ database using BLASTN 
(http://www.ncbi.nlm.nih.gov/blast). This analysis allowed aligning only three of the 28 
unknown sequences to genes annotated in the GenBank. The identified genes 
corresponded to transcripts 1095975, 1088435, and 1105204.  

 
In the presence of copper sulfate (Figure 5-5, a), three genes involved in copper 

transport were among the top ten downregulated compared to the basal state (GY), being 
the copper transporter ctr1 the most negatively regulated transcript in these conditions. 
This result suggests that P. ostreatus controls the entry of copper into the cell by 
effectively reducing the expression of the transporters. Copper is an essential cofactor 
for laccase activity, but it is also a potentially toxic element with a high unspecific 
ability to bind to different proteins. The high concentration of copper used in this 
analysis (1 mM) could make it essential for the fungal homeostasis to control the entry 
of this inducer. On the other hand, five laccase-related (lacc10, pox2, lacc6, poxA3a, 
and lacc2) appeared most upregulated by copper's presence. These results fit with those 
of the qPCR experiment discussed above.  Besides these genes, a cupredoxin coding 
gene is also among the top ten upregulated genes in the presence of copper. All these 
results reinforce the idea discussed above of the specificity of the copper effect on the 
whole gene transcription in P. ostreatus in these culture conditions. 

 
The effect of rice husks addition (Figure 5-5, b) reveals a less specific effect. 

More than half of the top ten upregulated and downregulated genes were annotated as 
unknown, and none of them was related to the laccase enzyme family. This result 
strengthens the hypothesis put forward above of a general metabolic effect of adding 
lignocellulose to de culture medium compared to the more specific effect of copper 
addition.  

 
Finally, it was of particular interest to compare the up and downregulated genes 

upon the combined addition of the two inducers because, as we discussed above, the 
effect of rice husks addition was somehow dominant over the effect of copper addition. 
This comparison between the basal GY and GYR+Cu2+ is shown in Figure 5-5, panel c. 
As expected, the pattern of up and downregulated gene expression upon the combined 
addition of rice husks and copper was more similar to that produced by rice husks than 
to the one resulting after the addition of copper.  Only two of the downregulated genes 
in GYR+Cu2+ were also downregulated in GY+Cu2+, whereas six were upregulated in 
the GYR culture. Similarly, only two of the genes upregulated in GY+Cu2+ were also 
upregulated in GYR+Cu2+, and seven were upregulated in GYR. It is noteworthy that 
the most downregulated gene in the GYR+Cu2+ culture was ctr1 coding for a copper 
transporter, and the more upregulated the gene coding for a cupredoxin. These two 
genes were also the more relevant in the case of the GY+Cu2+ cultures. We suggest that 
this result reflects the reaction of the fungus against the high copper concentration in 
these conditions. 
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Figure 5.5.  The top ten of differentially expressed genes downregulated (Log2FC <-2) and upregulated (Log2FC 
≥2)  genes in the transcriptome of P. ostreatus in culture media:(a) GY vs. GY+ Cu2+; (b) GY vs. GYR ; (c) GY 
vs. GYR+Cu2+.  
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Our next aim was to identify the transcripts that were up and downregulated in 
all culture conditions. For that purpose, we grouped all the down-regulated and 
upregulated transcripts with log2FC≥2 in Venn diagrams to identify their relationships. 
The results are shown in Figures 5-6. If we focus on the 251 downregulated genes (left 
panel), we can see that 90 of them are related to copper, 142 to the presence of rice 
husks, and 172 to the combined presence of both inducers. Of the 90 genes 
downregulated by copper, the expression of 64 of them (71.1 %) is specifically 
repressed by the addition of copper sulfate. In comparison, only 14 of the 142 genes 
(9.9 %) repressed by the addition of rice husks are specifically downregulated. If we 
focus on the upregulated genes, the picture is similar: 136 of the 189 (72 %) of the genes 
upregulated by copper are specific, whereas only 37 of the 386 whose expression is 
upregulated by rice husks (9.6 %)  were specific for this inducer. These results again 
support the idea of a more general change in the transcription profile when rice husks 
are added than when copper is supplemented. In the first case, a general adaptation of 
the metabolism occurs, whereas in the second, it can respond to the stress caused by the 
presence of the metal ion. 
 

  

(a) (b) 

Figure 5.6.  Venn diagram of DGE numbers in the P. ostreatus transcriptome in glucose- yeast extract (GY) 
culture media with copper (GY+Cu2+), rice husks (GYR), and both rice husk and copper (GYR+Cu2+): (a) 
Downregulated; (b) Upregulated  

Focusing on the genes up and downregulated in the three conditions, six out of 
the 13 genes consistently downregulated (Figure 5-7, a) coded for unannotated proteins. 
All of them but gene 159791 showed similar levels of downregulation. There were 44 
genes upregulated in the three conditions, 25 unannotated (Figure 5-7, b) that displayed 
different upregulation patterns. For seven of them, upregulation seemed to be more 
robust when rice husks were present in the culture medium (genes 1089499, 1101109, 
1090872, 1087565, 1092192, 1087569, and 6510). The 19 consistently upregulated 
genes for which an annotation was available (Figure 5-7, c) showed variable 
upregulation patterns, although seven showed the same pattern associated with rice 
husks addition described above. This group of consistently upregulated genes included 
three laccases (lacc5, lacc6, and lacc10) and three copper-related genes (genes 
1097654, 1089715, and 1034299) whose upregulation, genes except for lacc5, seemed 
to be more robust upon the addition of copper (compare the bars for GY+Cu2+ and 
GYR+Cu2+ with that of GYR). These results suggest that the rice husks can partially 
induce copper transporters and laccases by a pathway presumably different from copper 
induction. These commonly regulated transcripts and the more over-expressed 
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transcripts were compiled with their predicted functions in Table 5-1. This table 
excludes transcripts of unknown or uncharacterized functions. 
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Figure 5.7.  Common differentially expressed genes (DEG) in GY, GY with copper, GY with rice husks, and 
GY with rice husks and copper culture media of P. ostreatus: (al) unknown and annotated downregulated DEG 
; (b) unknown upregulated DEG (c) annotated upregulated DEG.  
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Table 5-1. The top-ten and common down-regulated and up-regulated genes in the pairwise P. 
ostreatus transcriptomes. Exclude unknown genes. 

Gene ID Protein Predicted protein or function 

 Log2FC  
GY vs. 

GY+Cu2+ 
GY vs. 
GYR 

GY vs. 
GYR+Cu2+ 

1089723 LACC10 Multicopper oxidases, laccase LACC10=POXC 9.4 3.0 6.0 
1105204 pox2 Phenol oxidase 2 gene (pox2) (unannotated gen) 8.8 3.7 6.4 
1097654 Cup Cupredoxin homologous superfamily type 8.8 4.0 8.6 
1113032 LACC6 Multicopper oxidases, laccase LACC6=POXA1B 7.7 3.7 6.8 
1067572 POXA3a Small subunit of laccase POXA3a 6.4 4.6 6.5 
1063469 P450 Cytochrome P450 CYP2 subfamily 6.2     

1087630 PCC Ca2+ 
Ca2+-modulated nonselective cation channel 
polycystin 6.2   2.6 

1105457 E3  Predicted E3 ubiquitin ligase 5.3 5.2 5.7 
1067328 LACC2  Multicopper oxidases, laccase LACC2 5.3   5.6 

1062660 Nup98/Cu2+  
Nuclear pore complex, Nup98 component, and 
Cupredoxin domain 5.2     

1089715 Cup Cupredoxin homologous superfamily type 4.6 4.7 4.7 
1031770 PC-Cu Blue (type 1) copper domain 3.6 2.1 3.5 
1034299 Cup Cupredoxin homologous superfamily type 3.3 2.5 4.3 

31380 WAP WAP-type 'four-disulfide core' domain, antiproteinase  2.7 4.1 3.8 

1067159 CDAs, CE4 
Chitin deacetylase, Carbohydrate Esterase Family 4 
(CE4) 2.7 5.7 6.3 

1094975 LACC5 Multicopper oxidases, laccase LACC5 2.7 4.8 5.6 

1061762 VPS1 
Vacuolar sorting protein 1, VPS1, dynamin, and 
related proteins 2.6 2.7 2.7 

1042515 HSMT Homocysteine S-methyltransferase 2.4 3.7 3.6 

159778 ICMT 
Isoprenylcysteine carboxyl methyltransferase (ICMT) 
family 2.4 3.2 3.6 

162527 ACP 3-oxoacyl-[acyl-carrier-protein] reductase 2.4 3.4 2.9 
24425 GST Glutathione S-transferase 2.3 3.4 2.2 

1112954 S33 Peptidase S33, prolyl aminopeptidase 2.2 2.3 2.2 
1104680 FOG:E3  FOG: Predicted E3 ubiquitin ligase 2.1 3.4 3.6 
1069722 CP Cerato-platanin like 2.1 3.6 3.7 
1105411 PTK Protein tyrosine kinase 2.0 3.1 3.4 

50345 Chts, GH18 Chitinase, Glycoside Hydrolase Family 18  -2.1 -2.3 -2.3 
1059472 Oxoprolinase Oxoprolinase -2.2 -2.9 -3.2 
1100589 S33.UPW Peptidase S33, prolyl aminopeptidase -2.4 -2.5 -2.8 
1114570 DAO D-aspartate oxidase -2.7 -2.3 -2.6 
1033289 Oxoprolinase Oxoprolinase -2.7 -2.5 -2.9 

1065856 Mch5 
High affinity facilitated diffusion, riboflavin-regulated 
riboflavin uptake system -3.3 -3.0 -4.2 

53073 KCNAB 
Voltage-gated shaker-like K+ channel, subunit 
beta/KCNAB -3.3 -2.6 -3.2 

171939 NmrA-like Nitrogen metabolite repression in fungi  -3.8     
1099858 PC Polyketide cyclase / dehydrase and lipid transport -3.9     
1088435 ctr1 predicted Copper transporter gene (unannotated gen) -4.4   -2.4 
1092022 Ctr1p High-affinity copper transporter, Ctr1p -5.4   -4.1 
1095975 ctr1 predicted Copper transporter gene (unannotated gen) -7.9   -6.6 
1091822 CVNH CyanoVirin-N Homology domain   -6.5 -6.2 
1112562 Lipocalin Lipocalin family type   -5.0 -5.1 

24093 Smf3p Intracellular heavy metal transporter, Smf3p   -4.8 -4.3 
1091049 VMH2 Specific vegetative mycelium hydrophobin 2   -4.4 -5.0 
1085408 CsbD-like general stress response protein   -3.8 -4.2 
1054597 CBM13  Carbohydrate-Binding Module Family 13   6.2 6.9 
1039738 AA293  predicted metallo-protease    8.6 7.3 
1035257 ALDH2 Aldehyde Dehydrogenase (NAD+)   7.9 7.8 
156202 Thau Thaumatin family, stress tolerance    6.1 6.6 

1047903 NMO Nitronate monooxygenase   6.0 6.8 
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5.3.5 Transcriptome values for the laccase genes in P. ostreatus SmF supplemented with 
rice husks and copper 
 

This section focuses on and summarizes the transcriptome values for the 12 laccase 
genes annotated in the genome of P. ostreatus, as found in the experiments described in 
this chapter. The expression values and profiles are shown in Figure 5-8. We found the 
expression of all the annotated laccase genes except lacc8. This gene is annotated in the 
genome sequenced of monokaryons mkPC15, but it is absent in the genome of 
monokaryon mkPC9. We have not carried out a whole-genome sequence of the strain 
used in this work, but as there was no transcription signal for this gene, we suggest that 
lacc8 is not present in the ANDES-F515 dikaryotic strain used in this work and that it is 
an mkPC15-specific laccase gene. All the other laccase genes showed expression in the 
GY medium without specific inducers (log10 RPKM <3). In the cultures carried out 
without inducers, there was not a clearly predominantly expressed laccase gene. Upon 
copper addition as an inducer, the transcription of genes lacc2, lacc6, and lacc10 was 
higher, becoming the predominant laccases under these conditions. The addition of rice 
husks slightly increased the laccase gene transcription as a whole. Interestingly, under 
these conditions, the more expressed laccase gene was lacc5, slightly predominant over 
lacc6 and lacc10. The lacc5 gene codes for an enzyme with signatures of ferroxidase 
and, consequently, cannot be considered a canonical laccase. The combined addition of 
copper and husks promotes laccase genes lacc2, lacc6, lacc10, and the non-canonical 
lacc5 as the more expressed. These results also suggest that of all the laccases evaluated, 
lacc2 is the one that responds most specifically to induction by copper. 
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Figure 5.8.  Profile of the transcript levels of twelve laccases genes in transcriptome of P. ostreatus in different 
culture media. The transcript levels were expressed as log10 of reads per kilobase of transcript per million mapped 
reads (RPKM). 

5.3.6 Functional grouping of the top and common differentially regulated genes 
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To further compare the similarities and differences of the expression levels of most 

regulated genes in the culture media with or without copper sulfate and rice husks, we 
grouped most of those shown in Table 5-1 into four classes according to their predicted 
function. These groups are shown in Figure 5-9. The first group clusters the transcripts 
coding for structural components or binding protein (Figure 5-9, a). The transcripts 
associated with proteins that participate in nitrogen metabolism or nutrient uptake were 
grouped on the second. (Figure 5-9, b), on the third one, the transcripts are associated 
with ion transport (Figure 5-9, c), and the last group includes various transcripts 
associated with copper metabolism (Figure 5-9, d). 
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(c) (d) 

Figure 5.9.  Level of expression of differentially expressed genes associated with several predicted functions in 
the transcriptome of P. ostreatus in different culture media: (a) Structural components and binding protein, in 
the box four proteins of G-proteins signaling system were included; (b) nitrogen metabolism and uptake nutrients; 
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(c) copper uptake and ion transports; (d) copper metabolism. The level of expression is presented as log10 
RPKM. 

In the group of structural proteins and binding proteins (Figure 5-9, a), the most 
overexpressed gene in the presence of inducers was coding for a cerato-platanin like 
protein. Cerato–platanins are cell wall fungal hydrophobin proteins [215]. On the other 
hand, a group of four transcripts, including vegetative hydrophobin Vmh2, and other 
binding proteins, was overexpressed in non-rice husks culture media. In contrast, in the 
presence of alone rice husks, CBM13, ALDH2, and thaumatin predicted genes appeared 
overexpressed. P. ostreatus Vmh2 is a hydrophobin that assembles differently under 
different environmental conditions [216],[217], and glycans increase its solubility [218]. 
In the culture media with rice husks, the presence of these glycans in the nutritional 
environment surrounding the fungus is suggested by the increase in CBM13, which 
could explain why, in rice husks, this hydrophobin is down-regulated. Although in the 
predicted transcriptome of monokaryons mkPC15 and mkPC9, the most overexpressed 
hydrophobin would be Vmh3, although its overexpression level changes with the type 
of culture [219]. This study observed that the type carbon source could also regulate this 
type of vegetative hydrophobins. 

A gene coding for chitin deacetylase is overexpressed while that of chitinase is 
down-regulated. In addition to structural modifications, depolymerization and de-N-
acetylation of chitin by chitinases and chitin deacetylases could also be associated with 
cell signaling and morphogenesis [220]. An important detail about chitin deacetylases 
was that their enzymatic activity was increased in the presence of metal ions, mainly 
Cu2+ and Co2+ [221]. In our case, the presence of Cu2+ or other metals in the rice husks 
could be related to the increase in the positive regulation of this transcript in all culture 
media conditions with laccase inducer. 

One of the main differences between the cultures with and without rice husks is 
the morphology of the pellets. Therefore, because two transcripts encoded for GTP-
related proteins, a protein tyrosine kinase (PKT) and a vacuolar sorting protein -GTPase 
dynamin (VPS1) were overexpressed, in Figure 5-9, four proteins from the G protein 
signaling system STE3-GPCR (gene ID 1025941), Rho-GPCR (gene ID 173720) G 
protein α-subunit_1 (gene ID 1064731) G protein α-subunit_2 (gene ID 1051028) were 
additionally check and included in this analysis. However, the possible interaction 
between these four proteins is unknown. The results show that copper and rice husks 
positively regulated PKT and VPS1; however, in the rice husks media, the G protein α-
subunit_2 and STE3-GPCR were down-regulated while another G protein α-subunit_1 
and Rho-GPCR appeared upregulated in these cultures.  

The relationship of the G-protein signaling system in P. ostreatus in some 
cellular processes has briefly been studied in a few studies. One of them has shown that 
in the fungal proteome of the mkPC9 strain, some protein kinases were found to change 
their expression in the presence of different lignocellulose derived [222].  In another 
study, this same monokaryon mkPC9 also showed that the overexpression of a gene 
encoding cAMP-dependent protein kinase A (PKA) catalytic subunit resulted in a higher 
transcription level of laccase [223]. On the other hand, non-selective inhibition of protein 
kinase by the antibiotic staurosporine affected the growth and hyphal morphology of P. 
ostreatus [224]. Finally, mkPC9 transformant mutated in a gene coding G protein α-
subunit increased the Intracellular cAMP and the laccase activity by the inducer CuSO4 
and ferulic acid [225]. These results (Figure 5-9, a) suggest that several GPCRs  
mechanisms could be regulated in the evaluated conditions, one related to laccase 
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regulation and others related to the morphological changes of the pellets in submerged 
culture in the presence of rice husks lignocellulose; however other studies are needed.  

Copper sulfate-induced laccase activity in P. ostreatus and other fungi has been 
positively associated with yeast extract's organic nitrogen source [110]. Figure 5-8 (b) 
shows that the transcripts coding for proteins associated with nitrogen uptake and 
metabolism were differently downregulated and upregulated. In culture media without 
laccase inducers, the negative regulation of several genes related to nitrogen metabolism 
was increased. These genes correspond to two oxoprolinases and one D-aspartate 
oxidase. The activity of these two enzymes increases the levels of L-glutamate and 
ammonium, both responsible for the activation of the nitrogen metabolic repression 
(NMR) mechanism. The NMR regulator is increased in the inducer-free conditions and 
rice husks, apparently because of an increase in peptidase, metalloprotease activity, and 
even mechanisms of intracellular degradation via the proteasome. Although in the media 
that only contained copper sulfate as a laccase inducer and some transcripts with 
peptidase and ubiquitin ligase activity were also increased, NMR was not overexpressed. 

Figure 5-8 (c) shows that the transcripts of proteins associated with cations transport 
and copper uptake and metabolisms were differently down and upregulated. Five 
transcripts with a function associated with cation transport were overexpressed in GY 
media. Three transcripts were identified as Ctr1 transporters, a potassium channel 
(Kcnab), and a manganese and iron transporter (Smf3p). Only one of the three copper 
transporters (ctr1) was overexpressed in copper-free GYR media as Kcnab did. Smf3p 
has been implicated with a potential role in Cu+ uptake [226]. This transporter 
overexpression occurred in both copper and non-copper GY media but was reduced in 
GYR media. These transporters tended to be negatively regulated by copper under 
conditions of copper excess, as the results of Figure 5-8 show. This negative regulation 
of ctr1 by copper in P. ostreatus has been previously shown [123]. Because the 
pentahydrated copper sulfate generates Cu2+ ions that the Ctr1p cannot transport, the 
reduction of Cu2+ to Cu+ is mediated by Fre1, and we found a Fre1 (gene ID 1034376) 
downregulated DGE transcript in the P. ostreatus F515 transcriptome (Figure 5-8 panel 
c). The transcription levels of this reductase were also increased in the GY medium and 
tended to decrease in the copper or rice husks containing media. We also included the 
data from the upregulated Cu+ transporting (copper detoxification) ATPase, CRT6/ Cr1p 
(gene ID 1037970), reported as an extracellular copper transporter (Figure 5-8 panel d). 
In the Candida albicans transcriptome, it has also been found that Ctr1p levels decrease 
under conditions of excess copper at the same time that CTR6/Cr1p levels increase 
[226]. Recently, it has been found that the availability of nitrogen affects the 
transcriptome of the fungus Cryptococcus neoformans; in case of nitrogen limitation, a 
type of copper transporter is the most upregulated gene CRTs, which suggests that the 
regulation of this type of transporters occurs not only due to the availability of copper 
but also due to nutritional factors [227]. 

Finally, an increase in the expression levels of several transcripts coding for 
proteins containing copper-binding domains was found in cultures with copper sulfate 
with or without rice husks (Figure 5-8, d). These results suggest the occurrence of 
various cellular processes associated with the metabolism of this metal, such as Cu2+ 
reduction, transport from outside the cell, intracellular and nuclear transport of this 
metal, and the transcription of enzymes with metal response elements. The increase in 
these transcripts occurred almost exclusively in the cultures in which copper sulfate was 
added except for lacc5, whose maximum transcription levels were found in the rice husk 
media. 
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5.4 Conclusions 
 

In this paper, we compared the transcriptome of P. ostreatus F515 in four 
different culture media. A reference medium based on glucose and yeast extracts 
supplemented with copper, rice husks, and copper and rice husks. The mycelium grown 
in these culture media showed differences in the morphology of the pellets influenced 
by the rice husks and the laccase activity influenced mainly by copper sulfate. The 
results of the transcriptome comparison showed that three laccases genes, lacc5, lacc6, 
and lacc10, are upregulated by the presence of copper and husks. The expression levels 
of these genes could explain the differences in the magnitude of laccase activity, the 
number, and the intensity of laccase isoforms found in the supernatants of these cultures. 

 
We also found that the expression of genes coding for carbohydrate-binding 

proteins is affected by the rice husks. This association can be the basis of the 
morphological changes found in the culture pellets because of the downward regulation 
of cell wall components, such as that of the vegetative hydrophobin Vmh2. 

 
We also found that the addition of rice husks to the culture media influences the 

levels of gene expression related to nitrogen metabolism, a high regulation of NMR in 
rice husks media, high levels of expression of peptidase and metalloproteinase genes 
could be associated with lower values of laccase activity in media with rice husks.  

 
The increase of the laccase transcripts coincided with the downregulation of 

several copper transporters and the copper reductase Fre1. In the non-rice husks media, 
these transcripts had higher expression levels than in the rice husks media. In 
conclusion, the laccases genes lacc2, lacc5, lacc6, and lacc10 respond to the presence 
of copper sulfate and rice husks. Some of these mechanisms could be associated with 
copper transporters that could be regulated by nutritional factors such as carbohydrates 
and nitrogen metabolism. However, further studies need to be performed to establish 
these relationships. 
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Chapter 6  
 

 General Discussion & Complementary 
Experiments 

 
 

The objective of this work was to determine the best composition of the culture 
medium to increase the laccase activity by P. ostreatus in submerged fermentation 
aimed to the pretreatment of rice husks and to compare the modifications in the husks 
due to the increase of these enzymes in various biological pretreatment strategies. 

 
6.1  Effect of nitrogen sufficiency and limited nutritional conditions on the laccase 
activity of P. ostreatus 
 

Our results suggest that the increase in laccase activity depends on nutrient-
sufficient conditions, especially on the availability of an organic nitrogen source. 
Nitrogen sufficiency is likely necessary to increase the expression of copper transporters 
(CTRs) involved in the uptake of this metal and responsible for the induction of laccase 
by copper sulfate. We show that the laccase activity increased up to two orders of 
magnitude in the nutrient-sufficient culture media (45gL-1 glucose, 15 gL-1 yeast 
extract) upon adding 1mM copper sulfate to the culture. In comparison, with the 
addition of this laccase inducer in the nitrogen-limited media (45 gL-1 glucose, 4 gL-1 
yeast extract), the laccase activity was lower than the activity found in cultures without 
copper sulfate. We also observed that these two nutritional statuses, nutrient-sufficient 
and nitrogen-limited, are associated with changes in the vacuole patterns in hyphae of 
the fungus, such as those illustrated in Figure 6-1. 

 
 

 

 

(a) (b) 
Figure 6.1.  Vacuole patterns in hyphae of the fungus P. ostreatus in two nutritional conditions: (a) nitrogen-
limited as a culture medium glucose 45 gL-1 and yeast extract 4 gL-1  (GY4504); (b) nutrient-sufficient as a 
culture medium glucose 45 gL-1 and yeast extract 15 gL-1  (GY4515). Carbon source (C) is glucose, and nitrogen 
source (N) is yeast extract.  

Additionally, we compared the effect of the nitrogen-limited (GY4504) and 
nitrogen-sufficient (GY4515) conditions in the production of biomass and laccase 
activity in the dikaryotic strains F515 and dkN001, and the monokaryons mkPC15 and 
mkPC9 (which, combined, form dkN001), to determine if different P. ostreatus strains 
share the negative effect of organic nitrogen limitation in laccase activity. We observed 
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that all these strains produced some grade of vacuolated terminal hyphae in nitrogen-
limited culture media (data not shown). The comparisons between the dikaryotic and 
monokaryotic P. ostreatus strains and their response as biomass production and laccase 
activity in the nitrogen-limited (GY4504) and sufficient (GY4515) conditions are shown 
in Figure 6-2. The results show that the biomass production in the two culture media 
(GY4504 and GY4515) with and without copper was primarily similar for the four 
strains evaluated, suggesting that all these strains similarly assimilate nitrogen. P. 
ostreatus F515, N001, and mkPC9 are fast-growing while mkPC15 is slow-growing. 
However, using the same glucose concentration, biomass production was drastically 
reduced in nitrogen-limited culture media. In dkN001 and mkPC15 strains, this 
reduction was independent on the copper addition in the cultures; still, in F515 and 
mkPC9 strains, a possible adverse effect on biomass production by copper sulfate (1 
mM) was observed when the culture medium was nitrogen-limited because the biomass 
production was additionally reduced by about 50% compared with N001 and mkPC15 
in those cultures of the same composition.  
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(c) (d) 

Figure 6.2.  Effect of nitrogen-limited and nitrogen-sufficient nutritional conditions on dikaryotic and 
monokaryotic strains of P. ostreatus: (a) biomass production; (b) maximum laccase activity; (c) productivity in 
nitrogen-sufficient culture medium GY4515; (b) productivity in nitrogen-limited culture medium GY4504. 

On the other hand, the results of laccase activity show a similarity in response to 
the composition of the culture medium and copper between the fast-growing strains and 
the slow-growing mkPC15 strain. Due to the effect of the composition of the culture 
medium on biomass production, we compared the laccase activity in terms of 
productivity (Figure 6-2 panel c and d). We observed that under nutrient sufficiency 
conditions (GY4515, panel c), the productivity of laccase activity per gram of biomass 
produced tends to increase due to copper. This increase was around 1.5 orders of 
magnitude greater than the medium without copper for fast strains. Although the 
productivity of laccase activity per gram of biomass produced tends to increase due to 
copper under nitrogen-limited conditions, the orders of magnitude of this increase are 
variable for each strain, suggesting that the nitrogen-limiting threshold could be different 
for each one of them. However, the productivity of laccase activity per gram of biomass 
produced in a medium with sufficient nutrients GY4515 is at least an order of magnitude 
greater than the productivity of laccase activity per gram of biomass produced in a 
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medium limited in nitrogen GY4504, demonstrating that nitrogen limitation negatively 
affects copper-induced laccase activity in several  P. ostreatus strains. 

The nitrogen assimilation mechanisms appear to be conserved in mkPC15 
because nitrogen-sufficient concentrations increase biomass production more than 
nitrogen-limited concentrations; however, the laccase induction mechanisms by copper 
appear altered in this P. ostreatus monokaryotic strain. In previous studies for mkPC15, 
it was found that no laccase activity was induced by lignocellulose extracts, although 
lignocellulose extracts induced increased fungal biomass production [59]. That same 
study also showed that lignocellulose extracts induced lacc2, lacc5, and lacc6, but not 
lacc10 transcription [59]. Our study found that all these laccase genes lacc2, lacc5, 
lacc6, and lacc10, can be regulated by copper, maybe by metal responsive elements in 
their promoter sequences [56], [57], [149], [228]–[230]. This copper laccase regulation 
is possible by the copper uptake mediated by CTRs, which transport copper from the 
environment to the inside cell. The expression of the ctr1 gene was detected in the 
vegetative mycelium during all stages of culture in the mkPC15 strain [123]. Therefore 
we believe that other mechanisms of regulation of CTRs independent of the nitrogen 
concentration could occur in this strain, making the  mkPC15 strain an attractive model 
to study in the future the regulation mechanisms of CTRs and their potential role in 
regulating laccase by copper and other inducers. 
 
6.2 Rice husks modifications by two biological pretreatment strategies 

 
To determine the effect of the increase in the laccase activity present in the 

culture media on the rice husk modifications, two biological pretreatment strategies of 
this lignocellulosic biomass were evaluated: 1) enzymatic treatment of the rice husks 
with crude extracts from P. ostreatus cultures and 2) treatment of rice husks in modified 
culture media. The results suggest that the high magnitude of laccase activity in the 
treatment is not the only factor associated with the compositional, chemical, and 
structural modifications observed in the rice husks in both strategies of biological 
pretreatments. 

For the strategy of enzymatic treatment of rice husks with crude extracts of P. 
ostreatus cultures, the results showed that the modifications in the lignocellulose 
fractions and the selectivity depend on the composition of the culture medium where the 
extract was produced. The highest delignification percentages and high selectivity ratio 
in lignin removal per holocellulose removal fractions were achieved in rice husks treated 
with extracts produced in cultures supplemented with lignin and copper at the same time 
(Table 6-1). Both results suggest the presence of metabolites derived from lignin in the 
extract (L+ Cu2+ extract); on the one hand, these metabolites could improve 
delignification via laccase activity; on the other hand, they could increase selectivity by 
containing possible cellulases and xylanases inhibitory substances. Despite these results, 
an important percentage in removing hemicellulose, cellulose, and lignin was obtained 
with the rest of the extracts evaluated, which suggests a basal secretion of 
lignocellulolytic enzymes or other factors in the treatments contributed to the 
compositional, and structural and morphological modifications in the rice husks which 
were observed independent of the magnitude of the laccase activity in the extracts. 

For the second strategy of treatment of rice husks in P. ostreatus cultures made 
using modified culture media, we compared the transcriptomes recovered from different 
conditions. Rice husks induced the expression of genes coding for proteins involved in 
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lignin degradation such as laccases (lacc5, lacc6, and lacc10) and other oxidases, 
carbohydrate-active proteins such as CBM13, and xylan and cellulose-degrading or 
modifying enzymes such as carbohydrate esterases (CE), glucooligosaccharide oxidases 
(GOOX), endoglucanases, and lytic polysaccharide monooxygenases (LPMOs). The 
overexpression of these genes could explain the compositional changes found in rice 
husks from modified culture media. The removal percentages of cellulose, hemicellulose 
and lignin in this strategy of biological pretreatment depended more on the time of the 
culture than on the laccase activity in the culture. However, the purification and 
characterization of the xylanase, cellulose, and laccase activities should be done in future 
studies 

Table 6-1 shows the treatment process characteristics and the results of the main 
compositional modifications of the rice husks recovered from four selected treatments 
using strategies of enzymatic treatment and modified culture media. For the enzymatic 
treatment strategy, the treatments performed with the L-extracts with and without copper 
are compared. These extracts were produced in a basal medium with glucose and yeast 
extract, using LCDs and copper sulfate as inducers. The high concentration of lignin 
used in these culture media negatively affected fungal biomass production and laccase 
activity but induced a laccase isoform that we have not identified yet. The difference in 
laccase activity between these extracts was greater (one order of magnitude) in those 
with copper sulfate than in those without cooper. In this case, the difference in laccase 
activity is associated with an increase of almost 57% in the lignin loss in the rice husks 
treated with these extracts and with changes in the FTIR spectra. In these spectra, the 
treatment with the extract without copper showed a change in the depth of the bands at 
1077, 897, and 800 cm-1 related to changes in the silicon fraction, while the treatment 
with copper was associated with the disappearance of a peak at 1559 cm-1 and the 
appearance of a faint band related to C = C vibrations in skeletal Aromatic at 1560 cm-

1. 

The treatments of the rice husks in the modified culture media were also carried 
out in a basal medium of glucose and yeast extract. In this case, the composition of the 
treatments differed in the concentration of glucose, rice husks, and the use of the copper 
sulfate laccase inducer. The main bioprocess difference between these treatments was 
biomass production. The culture medium modified with rice husks with a lower initial 
glucose concentration (GYR 051580) produced six-fold more biomass concentration 
than predicted theoretically. The biomass yield coefficient experimental obtained was 
four-fold higher than the theoretically expected on the initial glucose concentration. This 
result shows the bioconversion potential of rice husks lignocellulose biomass in fungal 
biomass. 

On the other hand, the medium with the highest initial glucose concentration 
(GYR451540+Cu2+) produced the highest biomass concentration with an experimental 
performance coefficient equal to the theoretical expected. The bioconversion in the 
GYR451540 treatment with copper could be delayed by the high initial glucose 
concentration and the culture time since only at day 21 of culture, final glucose 
concentration was observed to be almost zero in the culture broth. In future work, it 
would be interesting to measure the growth kinetics and evaluate this culture at a longer 
treatment time. 

Although the laccase activity in the GYR051580 treatment was lower by more 
than one order of magnitude than in the GYR451540 system with copper and fewer 
laccase isoforms were identified, the percentage of lignin removal (more than 30%) was 



105 
 

high and similar to the best results obtained using enzymatic treatments that had a high 
laccase activity (L+Cu2+ -extract). In this GYR051580 system, hemicellulose removal 
was larger than cellulose in the GYR451540+Cu2+ culture medium. In this last treatment, 
there was a higher percentage of delignification and a lower selectivity than in the GYR 
051580 medium. The modifications in the rice husks FTIR spectra in modified media 
showed a change in depth of the band at 3419 cm-1 associated with hydroxyl groups, 
which suggests a structural change in this material. In addition, changes in the depth of 
the bands at 2922 and 1077 cm- 1suggesting changes in type C – H stretching and Si-O-
Si stretching were also observed in the treatment with the higher activity observed 
GYR451540 with copper. In both the GYR051580 and GYR451540 treatment with 
copper, a band at 1560 cm-1 of greater depth was observed in the L-extract enzymatic 
treatment with copper, despite the differences in the order of magnitude of laccase 
activity between these treatments. In future work, it would be interesting to evaluate 
whether the appearance of this band is related to the action of laccases, the delignification 
of rice husks lignocellulose by the synergistic action of lignocellulolytic enzymes, or 
other factors of the biological treatment process that may contribute to this observed 
change.  

Table 6-1. Comparative summary of processes and results of the rice husk treatment using two 
biological pretreatment strategies with P. ostreatus.  

 RH in Enzymatic treatment RH in Modified culture media 
(GYR) 

L-extract L+Cu2+ -extract  051580 451540+ Cu2+ 

Basal culture media 
composition (gL-1) 

Glucose (40) 
Yeast extract (20) 

Glucose (40) 
Yeast extract (20) 

Glucose (5) 
Yeast extract (15) 

Glucose (45) 
Yeast extract (15) 

Inductor 
concentration 
 (gL-1)  

Lignin (5) 
CMC (0.5) 
Xylose (0.5) 

Lignin (5) 
CMC (0.5) 
Xylose (0.5) 
CuSO4•5H2O           
( 0.25) 

Rice husks (80) Rice husk (40)  
CuSO4•5H2O  
(0.25) 

Rice husks loaded 
(%, w/v) 

 
5 

 
5 

 
8  

 
4 

Treatment time 
(days) 

3  3  21  21  

Predicted biomass, 
X (gL-1) * 

16 16 2 18 

Experimental 
biomass, X (gL-1) 

10.5 ± 0.7 16 ± 0.4 12 ± 1 18 ±1 

Final glucose 
concentration, (gL-

1) 

29  ± 1.8 28  ± 2.8 0.90  ± 0.13 0.370 ± 0.065 

Y X/S **  
 

1.0 1.5 1.6 0.4 

Total protein 
concentration 

554 ± 28 776 ± 5 494 ± 23 324 ± 10 

Log10 laccase 
activity (UL-1 ) 

2.4 ± 0.4 3.8 ± 0.2 2.7 ± 0.1 4.0 ± 0.1 

Hypothetical 
isoenzyme 

Unknown LACC6 LACC2 LACC5 
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LACC2 
LACC10 

Unknown 
LACC2 
LACC10 

LACC10 LACC6 
LACC2 
LACC10 

Relative lignin loss 
(%) 

 
24 ± 4 

 
37 ± 2 

 
35 ± 5 

 
49 ± 5 

Selectivity (lignin 
removed 
/holocellulose 
removed) 

 
0.4 

 
2.5 

 
1.8 

 
0.9 

 
 
FTIR spectra 

    

  

  

 

*The predicted biomass was estimated from a biomass yield of 0.4 multiplied by the initial glucose concentration 
** *Y X/S: the biomass yield coefficient or apparent growth yield was estimated as the relation between units (gL-
1) of biomass (X) per unit (gL-1) of the glucose (S) [231]. 

6.3 Comparative transcriptome analysis  
 

In the transcriptome analysis of P. ostreatus F515, our objective was to 
determine the first genes regulated by copper and lignocellulose and the common genes 
regulated by these laccase inducers to establish possible features and relationships 
between these genes and laccase regulation in culture media in nutrient-sufficient 
conditions, with copper sulfate, rice husks, and both components. 

Some laccase genes, small subunits of laccase, and cupredoxin are the primary 
and commonly regulated genes. In the group of differentially expressed and identified 
transcripts, both upregulated and downregulated, they suggest that one of the main 
differences between the evaluated culture conditions is regulating transmembrane 
proteins, other proteins in the cell wall, and proteases. A summary illustrating some of 
the differences found from this comparison is shown in Figure 6-2. This figure shows 
that one of the main proteins regulated in copper sulfate and rice husks are copper 
transporters and hydrophobins, respectively. We believe that these differences could be 
related to the main differences observed between cultures: on the one hand, the 
regulation of CTRs with the induction of laccase by copper sulfate and the regulation of 
hydrophobins, including Vmh2 with morphological changes associated with the rice 
husks in the culture; however, in both cases the proposed cell models deserve to be tested 
in future studies, identifying these proteins either using immune-technics or by 
microscopy studies. On the other hand, the comparative analysis of the P. ostreatus 
transcriptome in nutrient-sufficient conditions, with copper sulfate, rice husk, and both 
components, showed that many unidentified transcripts are differentially expressed 
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under the evaluated conditions, for which the role that these transcripts play in the 
laccase regulation by copper sulfate and rice husks is yet to be elucidated. 

 

 
 

(a) (b) 

 
 

(c) (d) 

 

 

(e) (f) 

 

 

  
(g) (h)   

Figure 6-3.  Four cell models of P. ostreatus in nutrient-sufficient conditions culture: (a) and (b) 
GY4515 culture media; (c) and (d) GY4515 + Cu2+ (e) and (f) GY4515 + Rice husks ; (g) and (h) 
GY4515 +  Rice husks + Cu2+  
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6.4 Effect of the composition of the culture medium on the regulation of laccase 
isoenzymes. 

Laccases Lacc10, Lacc6, and Lacc2 constitute the typical isoenzymatic pattern 
of P. ostreatus in many analyzed conditions [98]. In cultures with copper sulfate, the 
results suggest that under carbon-sufficient conditions, organic nitrogen is required for 
the induction of the laccase genes, lacc2, lacc6, and lacc10 by copper, possibly by a 
nitrogen pathway that mediates the regulation of CTRs; once the copper is inside the 
cell, other mechanisms of regulation of these isoenzymes could occur through 
mechanisms independent of copper and associated with glucose concentration. In copper 
and nitrogen sufficiency, low glucose concentrations negatively regulate Lacc6, while 
Lacc2 and Lacc10 are positively regulated. The results showed that under conditions of 
nitrogen sufficiency but carbon limitation (GY0515 culture medium), the induction by 
copper of the isoform with the lowest electrophoretic flow (presumably Lacc6) is not 
detected in the zymogram in the extracts of 12 days of culture. In contrast, the other two 
isomorphs (presumably Lacc10 and Lacc2) were stained with greater intensity in the 
cultivation conditions evaluated. Similar behavior for Lacc6 was observed by Palmieri 
et al. (2001), who found that although intracellularly the mRNA and the protein 
concentration of Lacc6 increased over time, in the culture broth, the concentration of this 
protein and its enzymatic activity decreased after three days of fungal culture, this 
decrease was explained by an increase in extracellular protease activity [232]. These 
results imply that while copper transcriptionally regulates lacc2, lacc6, and lacc10, the 
post-translational modifications, secretion, and proteolytic degradation of these 
isoenzymes occur independently of this metal and are selectively influenced by other 
factors, in this case by glucose concentration. 

Similar to that described above, the results suggest that several mechanisms of 
regulation of laccases are involved in the rice husks media and are responsible for an 
increase in the lacc5, lacc6, and lacc10 transcripts but low enzymatic activity. While the 
mechanisms of transcriptional induction of laccases by rice husks or lignocellulose are 
not entirely elucidated, they could be associated with conditions of carbon sufficiency, 
diversity of carbon sources, or lignin derived. Meanwhile, the low laccase activity in the 
rice husks media could be explained by an increase in protease transcripts that, from the 
results, suggest a higher extracellular protease activity in these culture media. 
Additionally, in the media with rice husks and copper, the results of the transcriptomic 
analysis also showed that the decrease in the induction of laccase by copper in the 
presence of rice husks could also be explained by a decrease in the CTRs transcripts 
expression in these media. Furthermore, the isoenzymatic pattern of P. ostreatus in 
media with rice husks and copper showed a big protein with laccase activity that did not 
migrate to the running gel in the native PAGE. It is possible that this protein could be 
lacc5. Although lacc5 is not a laccase in sensu stricto, it has been classified as a multi-
copper oxidase, ferroxidase [54], [233], the predicted protein for Lacc5 is 630 amino 
acids much larger than Lacc2, Lacc6, or Lacc10 that contain between 522 and 533 amino 
acids [58]. The purification and identification of this enzyme should be considered in 
future studies since, when induced by rice husks, it could be involved in its degradation. 

Another isoform of laccase was found in culture media where lignin was used, 
but its identity is unknown. This isoform was stained late in the zymogram, after 30 
minutes in 2mM ABTS solution. In future work, the indirect identification of this 
isoform may be carried out through qPCR using the same primers used in this 
investigation or the identification of the protein after purification and sequencing. 
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pox2 case: Lacc10 (POXC) was previously called POX2 [228]. lacc10, transcript 
ID 1089723, is the most overexpressed transcript in the presence of copper sulfate, 
followed by transcript ID 1105204, which has no annotation in the JGI. When we 
performed a local alignment of each of these sequences against the GenBank database, 
both sequences had a significant alignment with the sequence ID Z49075.2 deposited as 
pox2. Although the identity between the alignments was higher than 95%, in both cases, 
the score for lacc10, transcript ID 1089723, was higher than 2000, while the unknown 
ID 1105204 was lower than 500. The number of amino acids for Lacc10 was 533, while 
the amino acid number for ID 1105204 was 71. Both sequences are on the same 
chromosome, but on opposite strands, lacc10 is on the negative strand, and the unknown 
sequence is on the negative strand. In order not to lose track of the sequence ID 1105204, 
it was named the pox2 gene. We believe that this could be a case of gene duplication; 
however, further studies will be necessary to identify this non-annotated and copper-
regulated gene along with other laccase genes. 

Lacc2 case: Lacc2 (POXA3) consists of the two proteins POXA3a and POXA3b 
formed by heterodimerization of the large subunit of POXA3 laccase sensu stricto with 
a smaller subunit differentially glycosylated [233]. The transcription of the large subunit 
lacc2 was positively regulated by copper, as were lacc5, lacc6, and lacc10, although at 
a lower level. The results also showed that the small subunit of laccase POXA3a was 
overexpressed with rice husks and copper within the transcripts more regulated by 
copper. As suggested previously by Giardina et al. (2003) [23], these results show no 
transcriptional co-regulation in our experimental conditions.  Although the role of the 
small subunit laccase, POXA3a, is unclear, it is suggested that this subunit is involved 
in stabilizing the large subunit Lacc2. The quick loss of the large subunit native structure 
in the absence of the small subunit could cause the lower activity measured in the 
heterologous expression of heterodimeric laccase from P. ostreatus in Kluyveromyces 
lactis [218]. 

In summary, the culture medium composition influences the regulation of 
copper transporters (CTRs) in the cell membrane of P. ostreatus and the entry into the 
cell of this metal. In this fungus, the regulation of these CTRs seems to depend on 
organic nitrogen concentration in the medium. When there is copper inside the cell, this 
metal mainly induces the transcription of the lacc2, lacc5, lacc6, and lacc10 genes. 
Other factors could also regulate the production of these transcripts in the culture 
medium composition, such as the concentration of glucose, nitrogen, or lignocellulose, 
which ultimately controls the laccases secretion and laccase activity of various isoforms. 
The laccase activity and laccases isoforms in the extracts or culture broth can cause 
modifications in the lignocellulose of the rice husks that seem to depend more on the 
synergistic action between the laccases and other ligninolytic enzymes than on the 
magnitude of the laccase activity and the number of isoforms. 
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Chapter 7  

 
Conclusions  

  
 

The increase of biomass production of P. ostreatus F515 in SmF, culture media with 
nutrient-sufficient conditions in both carbon and organic nitrogen are required for an 
effective rice husks pretreatment. This nutrition-sufficient culture media composition is 
around 45 gL-1 of glucose and 15 gL-1 of yeast extract. Without copper sulfate or rice 
husks, the changes in the glucose and the yeast extract concentrations are insufficient to 
explain the laccase activity in the culture medium. 

 

In a carbon-nitrogen-sufficient, copper sulfate 1mM culture media laccase activity is up 
to two orders of magnitude higher than the same culture media without copper sulfate, 
depending on the culture time. This increase appears to depend on the overexpression of 
copper transporters under nutrient-sufficient conditions and is associated with the 
overexpression of the lacc2, lacc6, and lacc10 genes. 

 

The laccase activity by copper sulfate is affected by CMC, xylose, and lignin 
concentration in a culture medium with sufficient carbon and nitrogen. CMC and xylose 
increase this laccase activity while lignin reduces the laccase activity induced by copper 
but induces a different isoform detected in the culture medium. 

 

The increase in laccase activity by the rice husks depends on the glucose and yeast extract 
concentration in the culture medium. Rice husks reduce the copper-induced laccase 
activity by up to one order of magnitude depending on the culture time, possibly due to 
negative CTR regulation. Rice husks induce changes in the pellet morphology, possibly 
associated with changes in the wall cell and membrane proteins. Rice husk induces 
overexpression of lacc5 and other genes to lignocellulolytic enzymes and other related 
proteins. 

 

The highest percentages of lignin removal by enzymatic treatments or rice husks 
pretreatment in modified culture media occurred in culture media with higher laccase 
activity; however, these losses seemed more related to the rice husk lignocellulose or 
LDCs than copper sulfate. Probably,  the rice husks lignocellulose or LDCs induce other 
laccase isoenzymes, other lignocellulolytic enzymes, or metabolites that could work 
together with lacc2, lacc6, and lacc10 laccase to improve the delignification.  
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Conclusiones 
  
 

Para aumentar la producción de biomasa de P. ostreatus F515 en SmF, se requieren 
medios de cultivo con condiciones suficientes de nutrientes tanto en carbono como en 
nitrógeno orgánico. La composición de este medio de cultivo fue de 45 gL-1 de glucosa 
y 15 gL-1 de extracto de levadura. Sin sulfato de cobre o cáscara de arroz, los cambios en 
las concentraciones de glucosa y extracto de levadura son insuficientes para explicar 
cambios en la actividad lacasa en el medio de cultivo. 

En medios de cultivo con suficiente carbono-nitrógeno, el sulfato de cobre 1 mM 
aumenta la actividad lacasa hasta dos órdenes de magnitud que en el mismo medio de 
cultivo sin sulfato de cobre. La magnitud de la actividad lacasa depende del tiempo de 
cultivo. En medios de cultivos suficientes en carbono-nitrógeno el aumento de la 
actividad lacasa inducida por cobre parece depender de la sobreexpresión de 
transportadores cobre (CRTs) que ocurren en condiciones de nutrientes suficientes y está 
asociada con la sobreexpresión de los genes lacc2, lacc6 y lacc10. 

La actividad lacasa del sulfato de cobre se ve afectada por la concentración de CMC, 
xilosa y lignina en un medio de cultivo con suficiente carbono y nitrógeno. La CMC y la 
xilosa aumentan esta actividad lacasa mientras que la lignina reduce la actividad lacasa 
inducida por el cobre pero induce una isoforma diferente detectada en el medio de 
cultivo. 

El aumento de la actividad lacasa por las cascarillas de arroz depende de la concentración 
de glucosa y extracto de levadura en el medio de cultivo. Las cáscaras de arroz reducen 
la actividad lacasa inducida por el cobre hasta en un orden de magnitud dependiendo del 
tiempo de cultivo, posiblemente debido a la regulación negativa de algunos genes Ctr. 
Además, las cascarillas  inducen cambios en la morfología del hongo, posiblemente 
asociados con cambios en las proteínas de la membrana y de la pared celular. También 
se encontró que las cascarillas de arroz induce la sobreexpresión de lacc5 y otros genes 
en enzimas lignocelulolíticas y otras proteínas relacionadas. 

Los porcentajes más altos de eliminación de lignina por tratamientos enzimáticos o 
pretratamiento de cáscara de arroz en medios de cultivo modificados ocurrieron en 
medios de cultivo con mayor actividad lacasa; sin embargo, estas pérdidas parecían más 
relacionadas con la lignocelulosa de la cáscara de arroz o a la suplementación de los 
medios de cultivos con compuestos derivados de la lignocelulosa que al propio efecto 
inductor de lacasas del sulfato de cobre. Probablemente, las cáscaras de arroz 
lignocelulosa o LDC inducen otras isoenzimas de lacasa, otras enzimas lignocelulolíticas 
o metabolitos que podrían trabajar junto con lacc2, lacc6 y lacc10 lacasa para mejorar la 
deslignificación. 
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Annexes   
 
List of acronyms and abbreviations 

A 

AA ........................................................................................................................... Auxiliary activities 
AA1_1 .......................................................................................... Auxiliary Activity Family 1 / Subf 1 
AA1_2 .......................................................................................... Auxiliary Activity Family 1 / Subf 2 
AA293 ..........................................................................................................predicted metallo-protease 
AA5_1 .......................................................................................... Auxiliary Activity Family 5 / Subf 1 
AA6 ........................................................................................................... Auxiliary Activity Family 6 
AA7 ........................................................................................................... Auxiliary Activity Family 7 
AA9 ........................................................................................................... Auxiliary Activity Family 9 
ABTS ................................................................... 2, 2′-azinobis- (3-ethylbenzothiazoline-6-sulfonate) 
ACP ..................................................................................... 3-oxoacyl-[acyl-carrier-protein] reductase 
ALDH2........................................................................................... Aldehyde Dehydrogenase (NAD+) 
ARE ..................................................................................................... antioxidant responsive elements 

B 

BLAST .......................................................................................... Basic Local Alignment Search Tool 

C 

C + Cu2+ ....................................................................................................... CMC plus Copper Sulfate 
CN ...................................................................................................................... Carbon-Nitrogen ratio 
cAMP ............................................................................................... Cyclic adenosine monophosphate 
CAZymes,  CAZy ................................................................................ Carbohydrate-Active EnZymes 
CBM13 ................................................................................ Carbohydrate-Binding Module Family 13 
CBMs .................................................................................................. Carbohydrate-Binding Modules 
CCD ............................................................................................................. Central Composite Design 
CCR ........................................................................................................ Carbon Catabolite Repression 
CDAs .........................................................................................................................Chitin deacetylase 
CE ...................................................................................................................... carbohydrate esterases 
CE4 ..................................................................................................... Carbohydrate Esterase Family 4 
Chts ......................................................................................................................................... Chitinase 
CMC, C ............................................................................................................ carboxymethylcellulose 
CP  .......................................................................................................................... Cerato-platanin like 
CRE ........................................................................................................ catabolic responsive elements 
CsbD-like .............................................................................................. general stress response protein 
ctr1 ................................................................................................... predicted Copper transporter gene 
Ctr1p ................................................................................................... High-affinity copper transporter 
CTR6/Cr1p ............................................................... Cu+ transporting (copper detoxification) ATPase 
Cup ...................................................................................................................................... Cupredoxin 
CVNH .............................................................................................. CyanoVirin-N Homology domain 
CX + Cu2+ ......................................................................................... CMC-Xylose plus copper sulfate 
CX .............................................................................................................................. CMC and Xylose 
Cα  ..................................................................................................................................... alpha carbon 

D 

DAO ....................................................................................................................... D-aspartate oxidase 
DEG ....................................................................................................... differentially expressed genes 
dkN001 ................................................. dikaryotic parental N001, a commercial strain of  P. ostreatus 
DNS .................................................................................................................. 3,5-dinitrosalicylic acid 

E 

E3  ............................................................................................................................. E3 ubiquitin ligase 
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F 

FDR ...................................................................................................................... False Discovery Rate 
FOGE3 ............................................................................................ FOG Predicted E3 ubiquitin ligase 
Fre1 ..................................................................... Plasma membrane Fe3+ and Cu2+ reductase, Véase 
FTIR ..................................................................................... Fourier Transform Infrared Spectrometry 

G 

G  ............................................................................................................................................. guaiacyl 
GH ....................................................................................................................... Glycoside Hydrolases 
GH152 ............................................................................................... Glycoside Hydrolase Family 152 
GH18 ........................................................................................ Glycoside Hydrolase Family 18, Véase 
GH45 ................................................................................................... Glycoside Hydrolase Family 45 
GH79 ................................................................................................... Glycoside Hydrolase Family 79 
GOOX ................................................................................................... Glucooligosaccharide Oxidase 
GPCR .......................................................................................................... G protein-coupled receptor 
GST ............................................................................................................... Glutathione S-transferase 
GT ..........................................................................................................................glucosyltransferases 
GY+Cu2+ ............................................................................ Glucose-Yeast Extract and Copper Sulfate 
GY2415 ........................................................ Glucose and Yeast-extract at 24 and 15 g/L, respectively 
GY3008 .......................................................... Glucose and Yeast-extract at 30 and 8 g/L, respectively 
GY3023 ........................................................ Glucose and Yeast-extract at 30 and 23 g/L, respectively 
GY4504 ........................................................... Glucose and Yeast-extract at 45 and 4 g/L, repectively 
GY4515 ...................................................... Glucose, and Yeast-extract at 45, and 15 g/L, respectively 
GY4515 + Cu2+ ........................................................................................ GY4515 plus Copper sulfate 
GY4526 .......................................... Glucose, and Yeast-extract at 45, and 26 g/L, respectively, Véase 
GY6008 .......................................................... Glucose and Yeast-extract at 60 and 8 g/L, respectively 
GY6023 ........................................................ Glucose and Yeast-extract at 60 and 23 g/L, respectively 
GY6215 .......................................................... Glucose and Yeast extract at 62 and 15 g/L, repectively 
GYR ..........................................................................................Glucose, Yeast-extract and Rice husks 
GYR+Cu2+.................................................. Glucose, Yeast-extract and Rice husk plus Copper Sulfate 
GYR051580 + Cu2+ ............................................................................ GYR051580 plus copper sulfate 
GYR051580 ....................... Glucose, Yeast-extract, and Rice husks at 05, 15, and 80 g/L, repectively 
GYR101080 ...................... Glucose, Yeast- extract, and Rice husk at 10, 10, and 80 g/L, respectively 
GYR150580 ...................... Glucose, Yeast- extract, and Rice husk at 15, 05, and 80 g/L, respectively 
GYR161271 ...................... Glucose, Yeast- extract, and Rice husk at 16, 12, and 71 g/L, respectively 
GYR210871 ...................... Glucose, Yeast- extract, and Rice husk at 21, 08, and 71 g/L, respectively 
GYR251560 .................... Glucose, Yeast- extract, and Rice husks at 25, 15, and 60 g/L, respectively 
GYR281063 ...................... Glucose, Yeast- extract, and Rice husk at 28, 10, and 63 g/L, respectively 
GYR300565 ......................... Glucose, Yeast-extract, and Rice husks at 30, 5, and 65 g/L, repectively 
GYR360856 ...................... Glucose, Yeast- extract, and Rice husk at 36, 08, and 56 g/L, respectively 
GYR361351 ...................... Glucose, Yeast- extract, and Rice husk at 36, 13, and 51 g/L, respectively 
GYR450550 ...................... Glucose, Yeast- extract, and Rice husk at 45, 05, and 50 g/L, respectively 
GYR451045 ....................... Glucose, Yeast-extract, and Rice husks at 45, 10, and 45 g/L, repectively 
GYR451540 + Cu2+ ........................................................................... GYR451540  plus copper sulfate 
GYR451540 ...................... Glucose, Yeast- extract, and Rice husk at 45, 15, and 40 g/L, respectively 

H 

H p-hydroxyphenyl 
HAA .............................................................................................................. 3-hydroxyanthranilic acid 
HBT .................................................................................................................. 1-hydroxybenzotriazole 
HSE ........................................................................................................................ heat shock elements 
HSMT ............................................................................................ Homocysteine S-methyltransferase 

I 

ICMT .............................................................................. Isoprenylcysteine carboxyl methyltransferase 
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J 

JGI ...................................................................................................................... Joint Genome Institute 

K 

KCNAB ................................................................ Voltage-gated shaker-like K+ channel, subunit beta 

L 

L + Cu2+....................................................................................................... Lignin plus Copper Sulfate 
L  ..................................................................................................................................... Lignin-alkali,  
lacc1 .................................................................................................. Laccase 1 gene from P. ostreatus 
lacc10 .............................................................................................. Laccase 10 gene from P. ostreatus 
LACC10, Lacc10 ....................................................... Multicopper oxidases, laccase LACC10=POXC 
lacc11 .............................................................................................. Laccase 11 gene from P. ostreatus 
lacc12 .............................................................................................. Laccase 12 gene from P. ostreatus 
lacc2 .................................................................................................. Laccase 2 gene from P. ostreatus 
LACC2, Lacc2 ......................................................................... Multicopper oxidases, laccase LACC2 
lacc3 .................................................................................................. Laccase 3 gene from P. ostreatus 
lacc4 .................................................................................................. Laccase 4 gene from P. ostreatus 
LACC5, Lacc5 ......................................................................... Multicopper oxidases, laccase LACC5 
lacc5 .................................................................................................. Laccase 5 gene from P. ostreatus 
lacc6 .................................................................................................. Laccase 6 gene from P. ostreatus 
LACC6, Lacc6 ........................................................ Multicopper oxidases, laccase LACC6=POXA1B 
lacc7 .................................................................................................. Laccase 7 gene from P. ostreatus 
lacc8 .................................................................................................. Laccase 8 gene from P. ostreatus 
lacc9 .................................................................................................. Laccase 9 gene from P. ostreatus 
LC + Cu2+ ......................................................................................... Lignin-CMC plus Copper Sulfate 
LC .............................................................................................................................. Lignin and CMX 
LCX + Cu2+ ..................................................................... Lignin,CMC and Xylose plus copper sulfate 
LCX ............................................................................................................... Lignin, CMC and Xylose 
LDCs ............................................................................................ Lignocellulose Derived Compounds 
LiP ............................................................................................................................. Lignin Peroxidase 
LMEs ......................................................................................................... Lignin-Modifying Enzymes 
LPMOs .................................................................................... Lytic Polysaccharide-Monooxygenases 
LX + Cu2+ ....................................................................................... Lignin, Xylose and Copper Sulfate 
LX ............................................................................................................................ Lignin and Xylose 

M 

Mch5 ....................... High affinity facilitated diffusion, riboflavin-regulated riboflavin uptake system 
mkPC15 ................................................  monokaryotic protoclone 15 from dkN001 P. ostreatus strain 
mkPC19 .................................................. monokaryotic protoclone 9 from dkN001 P. ostreatus strain, 
MLA ............................................................................................................. maximum laccase activity 
MnP .................................................................................................................... manganese peroxidase 
MRE ............................................................................................................. metal responsive elements 

N 

NIT ........................................................................................................................ nitrogen binding site 
NMO ............................................................................................................ Nitronate monooxygenase 
NMR ................................................................................................... Nitrogen Metabolite Repression 
NmrA-like, nmr1 ..................................................................... Nitrogen metabolite repression in fungi 
Nup98/Cu2+ ................................. Nuclear pore complex, Nup98 component, and Cupredoxin domain 

P 

P450 .......................................................................................................................... Cytochrome P450 
PC ............................................................................................................................. Polyketide cyclase 
PCA ......................................................................................................... principal component analysis 
PCC Ca2+ ........................................................ Ca2+-modulated nonselective cation channel polycystin 
PC-Cu ....................................................................................................... Blue (type 1) copper domain 
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PDY ....................................................................................................... Potato-Dextrose-Yeast-extract 
PKA ................................................................................................... cAMP-dependent Protein Kinase 
PL ....................................................................................................................... Polysaccharide Lyases 
pox2 .................................................................................................................... Phenol oxidase 2 gene 
POXA3a .......................................................................................... Small subunit of laccase POXA3a 
PTK ................................................................................................................... Protein tyrosine kinase 

R 

RH ........................................................................................................................................ Rice husks 
RH + CX  + Cu2+ .......................................................... Rice husks plus CX and copper sulfate extract 
RH + CX .....................................................................................................Rice husks plus CX extract 
RH + GY + Cu2+ ............................................................ Rice husk plus GY and Copper sulfate extract 
RH + GY ....................................................... Rice husks plus GY extract, Rice husks plus GY extract 
RH + L ........................................................................................................... Rice husk plus L- extract 
RH + L + Cu2+ ................................................................. Rice husks plus L and Copper sulfate extract 
RH .......................................................................................................................................... rice husks 
RPKM ......................................................... reads per kilobase of transcript per million mapped reads 

S 

S  .............................................................................................................................................. syringyl 
S33 ............................................................................................. Peptidase S33, prolyl aminopeptidase 
S33.UPW.................................................................................... Peptidase S33, prolyl aminopeptidase 
SEM ....................................................................................................... scanning electron microscopy 
SLF ................................................................................................................. static liquid fermentation 
SmF ................................................................................................................. submerged fermentation 
Smf3p ........................................................................................... Intracellular heavy metal transporter 
SSF ................................................................................................................... solid-state fermentation 
SSF ............................................................................................................................ solid fermentation 
STRE ............................................................... stress-responsive elements, stress-responsive elements 

T 

T1  ............................................................................................................................. Type 1 copper site 
T2  ............................................................................................................................. Type 2 copper site 
T3  ............................................................................................................................. Type 1 copper site 
TCDB ............................................................................................ Transporter Classification Database 
Thau ......................................................................................................................................Thaumatin 

V 

VMH2 ............................................................................ Specific vegetative mycelium hydrophobin 2 
VP .......................................................................................................................................................... 

 ........................................................................................................................... versatile peroxidase 
VPS1 ............................................................................................................ Vacuolar sorting protein 1 

W 

WAP .................................................................................................................... Whey Acidic Proteins 

X 

X  ............................................................................................................................................... Xylose 
XRE ...................................................................................................... xenobiotic responsive elements 
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Culture media names abbreviations and compositions  
 
Chapter 2:  Effect of Nutritional Factors and Copper on the Regulation of 
Laccase Enzymes Production in Pleurotus ostreatus 
 
GY3008: culture medium contains 30.0 gL-1 of glucose and 7.5 gL-1 of yeast extract 
GY6008: culture medium contains 60.0 gL-1 of glucose and 7.5 gL-1 of yeast extract 
GY3023: culture medium contains 30.0 gL-1 of glucose and 22.5 gL-1 of yeast extract 
GY6023: culture medium contains 60.0 gL-1 of glucose and 22.5 gL-1 of yeast extract 
GY2415: culture medium contains 23.8 gL-1 of glucose and 15.0 gL-1 of yeast extract 
GY6615: culture medium contains 66.2 gL-1 of glucose and 15.0 gL-1 of yeast extract 
GY4504: culture medium contains 45.0 gL-1 of glucose and 4.30 gL-1 of yeast extract 
GY4526: culture medium contains 45.0 gL-1 of glucose and 25.6 gL-1 of yeast extract 
GY4515: culture medium contains 45.0 gL-1 of glucose and 15.0 gL-1 of yeast extract 
GY3008 + Cu2+: culture medium contains 30.0 gL-1 of glucose, 7.5 gL-1 of yeast extract, and 0.25 
gL-1 of copper sulfate.  
GY6008 + Cu2+: culture medium contains 60.0 gL-1 of glucose, 7.5 gL-1 of yeast extract, and 0.25 
gL-1 of copper sulfate. 
GY3023 + Cu2+: culture medium contains 30.0 gL-1 of glucose, 22.5 gL-1 of yeast extract, and 0.25 
gL-1 of copper sulfate. 
GY6023+ Cu2+: culture medium contains 60.0 gL-1 of glucose, 22.5 gL-1 of yeast extract, and 0.25 
gL-1 of copper sulfate. 
GY2415 + Cu2+: culture medium contains 23.8 gL-1 of glucose, 15.0 gL-1 of yeast extract, and 0.25 
gL-1 of copper sulfate. 
GY6615 + Cu2+: culture medium contains 66.2 gL-1 of glucose, 15.0 gL-1 of yeast extract, and 0.25 
gL-1 of copper sulfate  
GY4504 + Cu2+: culture medium contains 45.0 gL-1 of glucose, 4.30 gL-1 of yeast extract, and 0.25 
gL-1 of copper sulfate  
GY4526 + Cu2+: culture medium contains 45.0 gL-1 of glucose, 25.6 gL-1 of yeast extract, and 0.25 
gL-1 of copper sulfate  
GY4515 + Cu2+: culture medium contains 45.0 gL-1 of glucose, 15.0 gL-1 of yeast extract, and 0.25 
gL-1 of copper sulfate  
 
Other culture name abbreviations  
 
GY4515-12: sample was taken in 12th day of culture from culture medium with initial 45.0 gL-1 of 
glucose and 15.0 gL-1 of yeast extract concentrations 
GY4515-21: sample was taken in 21th day of culture from culture medium with initial 45.0 gL-1 of 
glucose and 15.0 gL-1 of yeast extract concentrations 
GY0515: sample was taken in 12th day of culture from culture medium with initial 5.0 gL-1 of 
glucose and 15.0 gL-1 of yeast extract concentrations 
GY4504: sample was taken in 12th day of culture from culture medium with initial 45.0 gL-1 of 
glucose and 4.0 gL-1 of yeast extract concentrations 
 
Chapter 3: Role of copper-induced laccases and lignocellulose derived 
compounds on the rice husks modifications  

 
 
LCX + Cu2+ : 40 gL-1 of glucose, and 20 gL-1 of yeast extract  in the Glucose-Yeast-extract (GY) 
culture-based medium was supplemented with 5 gL-1 of lignin, 5 gL-1 of CMC, 5 gL-1 of xylose, and 
0.25 gL-1 of copper sulfate. 
LCX: 40 gL-1 of glucose, and 20 gL-1 of yeast extract in the Glucose-Yeast-extract (GY) culture-
based medium was supplemented with 5 gL-1 of lignin, 5 gL-1 of CMC, 5 gL-1, and of xylose. 
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CX + Cu2+: 40 gL-1 of glucose, and 20 gL-1 of yeast extract in the Glucose-Yeast-extract (GY) 
culture-based medium was supplemented with 5 gL-1 of CMC, 5 gL-1 of xylose, and 0.25 gL-1 of 
copper sulfate. 
CX: 40 gL-1 of glucose, and 20 gL-1 of yeast extract in the Glucose-Yeast-extract (GY) culture-based 
medium was supplemented with 5 gL-1 of CMC, and 5 gL-1 of xylose. 
LX + Cu2+: 40 gL-1 of glucose, and 20 gL-1 of yeast extract  in the Glucose-Yeast-extract (GY) 
culture-based medium was supplemented with 5 gL-1 of lignin, 0.5 gL-1 of CMC, 5 gL-1 of xylose, 
and 0.25 gL-1 of copper sulfate. 
LX: 40 gL-1 of glucose, and 20 gL-1 of yeast extract in the Glucose-Yeast-extract (GY) culture-based 
medium was supplemented with 5 gL-1 of lignin, 0.5 gL-1 of CMC, and 5 gL-1 of xylose. 
X  + Cu2+: 40 gL-1 of glucose, and 20 gL-1 of yeast extract  in the Glucose-Yeast-extract (GY) culture-
based medium was supplemented with 0.5 gL-1 of CMC, 5 gL-1 of xylose, and 0.25 gL-1 of copper 
sulfate. 
X: 40 gL-1 of glucose, and 20 gL-1 of yeast extract in the Glucose-Yeast-extract (GY) culture-based 
medium was supplemented with 0.5 gL-1 of CMC, and 5 gL-1 of xylose. 
LC + Cu2+: 40 gL-1 of glucose, and 20 gL-1 of yeast extract  in the Glucose-Yeast-extract (GY) 
culture-based medium was supplemented with 5 gL-1 of lignin, 5 gL-1 of CMC, 0.5 gL-1 of xylose, 
and 0.25 gL-1 of copper sulfate. 
LC: 40 gL-1 of glucose, and 20 gL-1 of yeast extract in the Glucose-Yeast-extract (GY) culture-based 
medium was supplemented with 5 gL-1 of lignin, 5 gL-1 of CMC, and 5 gL-1 of xylose. 
C + Cu2+: 40 gL-1 of glucose, and 20 gL-1 of yeast extract in the Glucose-Yeast-extract (GY) culture-
based medium was supplemented with 5 gL-1 of CMC, 0.5 gL-1 of xylose, and 0.25 gL-1 of copper 
sulfate. 
C: 40 gL-1 of glucose, and 20 gL-1 of yeast extract in the Glucose-Yeast-extract (GY) culture-based 
medium was supplemented with 5 gL-1 of CMC, and 0.5 gL-1 of xylose. 
L + Cu2+: 40 gL-1 of glucose, and 20 gL-1 of yeast extract  in the Glucose-Yeast-extract (GY) culture-
based medium was supplemented with 5 gL-1 of lignin, 0.5 gL-1 of CMC, 0.5 gL-1 of xylose, and 0.25 
gL-1 of copper sulfate. 
L: 40 gL-1 of glucose, and 20 gL-1 of yeast extract in the Glucose-Yeast-extract (GY) culture-based 
medium was supplemented with 5 gL-1 of lignin, 0.5 gL-1 of CMC, and 0.5 gL-1 of xylose. 
GY+Cu2+ : 40 gL-1 of glucose, and 20 gL-1 of yeast extract  in the Glucose-Yeast-extract (GY) 
culture-based medium was supplemented with 0.5 gL-1 of CMC, 0.5 gL-1 of xylose, and 0.25 gL-1 of 
copper sulfate. 
GY: 40 gL-1 of glucose, and 20 gL-1 of yeast extract in the Glucose-Yeast-extract (GY) culture-based 
medium was supplemented with 0.5 gL-1 of CMC, and 0.5 gL-1 of xylose.  
 
Other culture name abbreviations  
 
RH + GY: Rice husks treated with GY extract 
RH + GY + Cu2+: Rice husks treated with GY + Cu2+ extract 
RH + CX: Rice husks treated with CX extract 
RH + CX + Cu2+: Rice husks treated with GY + Cu2+ extract 
RH + L: Rice husks treated with L- extract 
RH + L + Cu2+: Rice husks treated with L + Cu2+ extract 
 
Chapter 4 : Laccases and other Lignocellulolytic Enzymes in the 
Transcriptome of Pleurotus ostreatus used for Biological Pretreatment Systems 
of Rice Husks in SmF 
 
GYR161271: culture medium contains 16, 12, and 71 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR251560: culture medium contains 25, 15, and 60 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR281063: culture medium contains 28, 10, and 63 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
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GYR450550: culture medium contains 45, 5, and 50 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR361351: culture medium contains 36, 13, and 51 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR451540: culture medium contains 45, 15, and 40 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR150580: culture medium contains 45, 5, and 80 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR101080: culture medium contains 10, 10, and 80 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR360856: culture medium contains 36, 8, and 56 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR210871: culture medium contains 21, 8, and 71 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR051580: culture medium contains 5, 15, and 80 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR451045: culture medium contains 45, 10, and 45 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR300565: culture medium contains 30, 05, and 65 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
 
Other culture name abbreviations  
 
GYR =GYR451540: culture medium contains 40, 15, and 40 gL-1 of glucose, yeast extract, and rice 
husks, respectively.  
GYR + Cu2+= GYR451540 + Cu2+: culture medium contains 40, 15, and 40 gL-1 of glucose, yeast 
extract, and rice husks, respectively, and copper sulfate at 0.25 gL-1. 
GYR051580 + Cu2+: culture medium contains 5, 15, and 80 gL-1 of glucose, yeast extract, and rice 
husks, respectively, and copper sulfate at 0.25 gL-1. 
GYR451540-14: GYR051580-14: Rice husks samples from culture medium in 14th day culture day. 
Culture medium initial contains 45, 15, and 40 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR451540-21: GYR051580-14: Rice husks samples from culture medium in 21th day culture day. 
Culture medium initial contains 45, 15, and 40 gL-1 of glucose, yeast extract, and rice husks, 
respectively.  
GYR051580-14: Rice husks samples from culture medium in 14th day culture day. Culture medium 
initial contains 5, 15, and 80 gL-1 of glucose, yeast extract, and rice husks, respectively.  
GYR051580-21: Rice husks samples from culture medium in 14th day culture day. Culture medium 
initial contains 5, 15, and 80 gL-1 of glucose, yeast extract, and rice husks, respectively.  
GY = GY4515: culture medium contains 45.0 gL-1 of glucose and 15.0 gL-1 of yeast extract 
GY + Cu2+ = GY4515 + Cu2+: culture medium contains 45.0 gL-1 of glucose, 15.0 gL-1 of yeast 
extract, and 0.25 gL-1 of copper sulfate  
 
 
Chapter 5: Comparative analysis of the Pleurotus ostreatus transcriptome in 
synthetic culture media, with rice husks and copper sulfate in SmF 
  
 
GY: synthetic culture media contains 45, and 15 gL-1 of glucose and yeast extract.  
GY + Cu2+: synthetic culture media contains 45, and 15 gL-1 of glucose, yeast extract and 0.25 gL-1 

of copper sulfate 
GYR: modified culture media contains 45, 15, and 40 gL-1 of glucose, yeast extract, and rice husks. 
GYR + Cu2+: modified culture media contains 45, 15, and 40 gL-1 of glucose, yeast extract, and 0.25 
gL-1 of copper sulfate. 
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