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Abstract 

Novel laccases have promising and valuable applications in biorefineries. This 

investigation documents, for the first time, the potential of depolymerising and 

repolymerising lignin by the secretome, rich in laccases, from a newly isolated white-rot 

basidiomycete Marasmiellus palmivorus VE111, for further saccharification and 
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ethanolic fermentation steps. Proteomic analyses of the secretome of M. palmivorus 

show that laccases are the most predominant enzyme released by this fungus. The whole 

crude enzymatic broth is used for the delignification of lignin in Eucalyptus globulus 

wood, with the aim of enhancing the saccharification by cellulolytic and xylanolytic 

enzymes from Penicillium echinulatum S1M29. In addition, two different strategies, 

namely, laccase treatment before and after enzymatic hydrolysis, are employed to 

detoxify steam-exploded E. globulus wood. The objective is to increase the fermentative 

performance by removing substances formed during the feedstock pretreatment that can 

inhibit microbial fermentation. The E. globulus wood delignification results in a 31% 

decrease in the lignin content and a 10% increase in the glucose yield after hydrolysis. 

An important finding of the present work is the successful wood delignification in the 

absence of laccase mediators. This laccase-rich preparation also demonstrates its 

potential in removing the phenolic inhibitors present in steam-exploded E. globulus 

wood, increasing the ethanol yield by an additional 10%. Furthermore, it is important to 

highlight that these findings are achieved in the absence of commercial enzymes, 

making M. palmivorus laccases a potential candidate not only for the production of 

biofuels but also for the generation of lignin-derived aromatic compounds for different 

applications in the biotechnology industry. 
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Highlights 

 Marasmiellus palmivorus secretome was able to delignify and detoxify 

Eucalyptus globulus wood. 

 The enzymatic treatment increased sugar (25%) and ethanol yields (10%). 

 Results obtained in this study are comparable or greater to studies conducted 

with commercially or purified enzymes. 

 M. palmivorus secretome degraded 31% of lignin in E. globulus in the absence 

of an enzymatic mediator. 

 The laccase-rich secretome was efficient in the detoxification of eucalyptus 

biomass (70%). 
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1. Introduction 

Lignin degradation and modification are the main hurdles for the successful refining of 

lignocellulosic biomass, with enzyme-assisted processing receiving significant attention 

in biorefineries [1]. Research efforts in enzymatic lignin depolymerisation and 

repolymerisation are increasing every year, since they enable both the removal of lignin 

from biomass and the production of value-added compounds from lignin itself [2]. 

Moreover, the use of fungal enzymes for this purpose is considered an environmentally-

friendly pathway suitable to increase the production of different biofuels, for example, 

second-generation ethanol [3]. 

Biofuels have been a research priority over the last few decades, with the 

increasing need to develop sustainable alternatives to fossil fuels, such as enzymatic 

methods, microbe co-culture system [4], algae technology [5] to mitigate problems 

related to carbon dioxide emissions and global warming [6]. With this, started to switch 

the concept of linear economy towards a circular economy [7]. Lignocellulosic 

materials offer a strong potential since they represent the most abundant renewable 

energy resource available on Earth [8,9]. As such, they represent a sustainable 

environmental alternative to not only produce fuels [10,11], but also other chemicals 

and materials [12]. Among biomass sources, extensive Eucalyptus spp. plantations in 

southwest Europe, Brazil and South Africa [13] offer a viable raw material because of 

the very fast growth of these species [14]. 

However, one of the bottlenecks for the use of lignocellulosic materials lies in 

the intrinsic recalcitrance of lignin, a bio-heteropolymer considered to be the main 

aromatic renewable resource in Earth [15]. With regard to biorefinery, it is unfortunate 

that cellulose and hemicelluloses are linked by lignin, which hampers cellulose 

breakdown, acts as a fermentation inhibitor, and is a sugar stream contaminant, etc. 



[16]. Therefore, removal of lignin plays a key role in bioethanol production from 

renewable biomass [3,17]. 

Consequently, many studies on secretomes of white-rot basidiomycetes (WRBs) 

have been performed [18], since these organisms are unique in their ability to degrade 

all polymeric components of lignocellulosic substrates [19], through biological 

pretreatment [20] or enzymatic pretreatment by ligninolytic enzymes secreted by fungi, 

whether or not purified [7]. Regarding the enzymatic degradation of lignin, extensive 

research has focused on peroxidases and laccases, with the latter enzymes being 

particularly abundant in many lignin-degrading WRBs [21]. Laccases are considered to 

be “green tools” [22], since they are extracellular multi-copper enzymes [23] that only 

require molecular oxygen as an electron acceptor, and generate water as the sole 

byproduct [24], while oxidising various aromatic and non-aromatic compounds [25].  

In biofuel production, several bacterial and fungal laccases have been used for 

the detoxification and/or delignification of different lignocellulosic materials, pretreated 

or non-pretreated, alone or in the presence of a mediator, the laccase mediator system 

(LMS) [7], to boost the subsequent saccharification and fermentation processes [26]. 

However, fungal laccases are preferred for different processes in biorefineries because 

they have higher redox potential than bacterial laccases [25]. 

Delignification consists of applying ligninolytic fungi and their enzymes to 

reduce the lignin content in several feedstocks, offering the possibility of improving the 

yield of both the hydrolysis and fermentation phases [7]. In the literature, many studies 

have used laccase for this purpose, reaching a delignification yield of up 89% with a 

consequential increase of saccharification [21,26,27]. 

As biomass requires pretreatment to remove and/or break down lignin, making 

holocellulose more accessible to enzymatic hydrolysis, laccases also has a further 



potential role. Detoxification utilises ligninolytic enzymes, mainly laccases, to reduce 

the toxic compounds, originally from lignin, such as aromatic and phenolic compounds, 

present in the biomass hydrolysates after chemical or physicochemical pretreatments 

[21]. Among biological, physical and chemical pretreatments [28], steam explosion, 

with or without an acidic catalyst, is one of the most commonly used methods [29]. 

However, this pretreatment produces inhibitory compounds from the fractionation of 

sugars and lignin that are then soluble or embedded in the biomass, such as weak acids, 

furan derivatives and phenols. These inhibitory compounds can affect enzymatic 

hydrolysis as well as fermentation steps. In this regard, it is possible to find several 

studies using laccases, peroxidases and other ligninolytic enzymes to detoxify different 

pretreated biomasses [3,30,31], reaching a detoxification degree of ~95% [21,26,27]. 

However, most studies concerning the delignification and detoxification of 

lignocellulosic biomasses through enzymatic pretreatment, using ligninolytic enzymes, 

are performed with commercial enzymes, partially purified or with totally purified 

enzymes [26,27]. These features, although helping to reach high levels of delignification 

and detoxification, make the process more expensive and, when carried out in the 

presence of a LMS, they are often no longer environmentally viable [7,21]. The number 

of studies reporting the use of cultures enriched in laccase activity, for instance, is 

smaller, although successfully proven [26]. 

From the perspective of green chemistry, considering the potential of laccases 

for both polymerisation and depolymerisation, the current study highlights the potential 

of an oxidative enzymatic pretreatment, with a laccase-producing white-rot 

basidiomycete, Marasmiellus palmivorus, to delignify a hardwood feedstock (eucalypt 

wood). The present study reveals the main chemical changes in lignin and seeks to 

improve saccharification after hydrolysis with enzymes from Penicillium echinulatum, 



an ascomycete secretor of cellulase and xylanase, for the production of second-

generation ethanol. An analysis of the secretome of M. palmivorus is carried out, 

elucidating the enzymatic arsenal. In addition, the effects of laccases on the 

detoxification of steam-exploded E. globulus wood and subsequent saccharification, 

yeast growth and ethanol fermentation are evaluated. 

To our knowledge, this is one of the few studies in the literature that compiles, in 

the same study, the use of a whole fungal secretome, on-site manufacturing enzymes, in 

both delignification and detoxification of E. globulus, in the absence of any mediator. 

However, although efficient, future tests with different natural mediators, purified 

laccases and the development of M. palmivorus recombinant laccases would be 

interesting in order to verify greater lignin removal in the chosen biomass and in others. 

 

2. Material and methods 

2.1 Fungi and maintenance of cultures 

A flowchart describing the methods used and the steps performed in this study is 

presented in Fig. 1. For the production of lignin-degrading enzymes, the white-rot 

basidiomycete M. palmivorus VE111 was used. M. palmivorus VE111 was collected 

from a decomposing palm tree trunk in Itapeva Park in the city of Torres, State of Rio 

Grande do Sul, Brazil. The strain used in this work was classified with autochthonous 

macrofungi from Southern Brazil (SISGEN nº ACCE62), and was deposited in the 

mycological section of the Herbarium of the University of Caxias do Sul 

(HUCS/MIUCS) and the Alarich Schultz Herbarium (HAS) of the Zoobotanic 

Foundation of Rio Grande do Sul (FZB/RS). M. palmivorus VE111 was grown on 

potato dextrose agar (PDA) maintenance medium in Petri dishes and kept in a 

germinating chamber (Oxylab) at 28 °C for seven days [32]. 



For cellulase and xylanase production, the strain P. echinulatum S1M29 was 

used, which was obtained from mutant strain 9A02S1, deposited at Deutsche Sammlung 

von Mikroorganismen und Zellkulturen (DSMZ; DSM 18942) after several steps of 

mutagenesis [33]. The strain was grown and maintained in cellulose-agar (C-agar) slant 

tubes for seven days at 28 °C until conidia had formed, and then stored at 4 °C, as 

described by Dillon et al. [34]. 

Both strains were deposited in the Collection of Microorganisms of the 

Laboratory of Enzymes and Biomass of the University of Caxias do Sul, State of Rio 

Grande do Sul, Brazil. 

 

2.2 Enzyme production 

Lignin-degrading enzymes were produced in optimised submerged cultivation in a 

BioFlo/CelliGen115 stirred-tank bioreactor (New Brunswick), as described by Schneider et 

al. [35]. The medium employed for the pre-inoculum and the bioreactor was composed 

of 0.5% (w/v) glucose, 0.18% (w/v) casein, 5% (v/v) mineral solution [36], 3 mmol/l 

copper sulphate, 3 mmol/l manganese sulphate and potato broth (200 g of minced 

potatoes boiled in 1 l water). A 500 ml pre-inoculum consisting of a four day cultivation 

was transferred into the bioreactor with an operating volume of 5 l. The operating 

conditions were: free initial pH until 48 h, and then a fixed pH of 7.0; a 90% dissolved 

oxygen concentration (agitation 200–850 rpm, airflow 0.5–3.0 vvm); and temperature 

set at 28 ºC. The cultivation was stopped after 120 h, centrifuged, and the supernatant 

was collected and used in all later experiments. 

The production of cellulases and xylanases was carried out in solid-state 

cultivation (SSC) on static trays, as described by Camassola and Dillon [37] and by 

submerged cultivation (SC) in a stirred-tank bioreactor [38]. The medium for SSC was 



composed of 50% (w/w) wheat bran, 25% (w/w) elephant grass, 25% (w/w) sugarcane 

bagasse and 1 ml/g dry mass of mineral solution [36]. Each tray was inoculated with a 

conidial suspension at a final concentration of 1×106 conidia per gram dry mass of 

production media. The moisture of the media was adjusted to 67% by the addition of 

sterile distilled water. The trays were then incubated in a chamber at 28 °C with 90% 

relative air humidity for 96 h. After this, enzymes were extracted with 15 mL sodium 

citrate buffer 0.05 mol/l, pH 4.8 for each gram of dry biomas (15:1). The extraction was 

carried out for 1 h at low agitation (100 rpm). 

The medium of submerged cultivation was composed of 1% (w/v) cellulose 

(Celuflok E®, Fibracel Celulose, SP, Brazil), 0.5% (w/v) sucrose, 0.2% (w/v) soybean 

meal, 0.5% (w/v) wheat bran, 0.05% (w/v) yeast extract (Prodex®), 1 ml/l Tween 80®, 

500 ml mineral solution [36], 500 ml inoculum and distilled water to a working volume 

of 5 l in the bioreactor. Culturing was for up to 168 h by fed-batch fermentation, with 

cellulose as the carbon source (0.26 g/l/h). Cultivation was performed at 28 °C, pH 6.0, 

with agitation between 150 and 300 rpm. At the end of the incubation, the supernatant 

was collected after centrifugation. After production, a cocktail of mixed enzymes was 

made from the submerged and solid-state cultivation (SC/SSC = 2:1 v/v). 

 

2.3 Enzymatic assays 

2.3.1 Laccase and total peroxidases 

Activity of laccases was determined kinetically, according to Wolfenden and Wilson 

[39], by quantifying the product of the oxidation of 5 mmol/l 2,2'-azino-bis (3-

ethylbenzothiazoline-6-sulfonate) (ABTS; cation radical ε436 = 29300 M−1 cm−1) with 

0.2 mol/l sodium acetate buffer, pH 5.0. Activity of total peroxidases was measured 

using the same method with 5 mmol/l ABTS as the substrate, but with the addition of 2 



mmol/l H2O2, according to Heinzkill et al.  [40]. Total peroxidase activity was 

calculated in the same way as for laccase, with laccase activity (i.e. ABTS oxidation in 

the absence of H2O2) being subtracted from the activity measured in the presence of 

H2O2. 

 

2.3.2 Cellulases and xylanases  

Total activity of cellulases (Filter Paper Activity, FPA) was measured using Whatman 

Nº. 1 filter paper as the substrate, as described by Camassola and Dillon [41]. 

Endoglucanase activity was determined according to Ghose [42], using 2% (w/v) 

carboxymethyl cellulose. The activity of β-glucosidase was measured using 0.4% (w/v) 

p-nitrophenyl-β-D-glucopyranoside (pNPG) [43]. Activities of the xylanases were 

determined as described by Bailey et al. [44] using 1% (w/v) xylan (from oat spelts), in 

0.05 mol/l sodium citrate buffer, pH 4.8. The concentration of reducing sugars was 

estimated using the dinitrosalicylic acid method [45]. All reactions were carried out in 

0.05 mol/l sodium citrate buffer, pH 4.8.  

 

2.4 Soluble proteins and SDS-PAGE 

 Quantification of total soluble proteins was performed according to the method 

of Bradford [46], using a calibration curve of bovine serum albumin (BSA). 

 To determine the molecular mass of the proteins present in the enzymatic broths 

of M. palmivorus VE111, SDS-PAGE was performed with 0.1% (w/v) sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), as described by Laemmli 

[47]. After sample standardisation, 15 µL sample (~16.7 µg protein) and 5 µl loading 

buffer was incubated at 100º C for 10 min and then loaded to a gel lane. Electrophoresis 

was performed in a Bio Rad Mini Protean System Cell. Gel bands were stained by 



incubating the gel for 30 min in 0.2% (w/v) Coomassie Brilliant Blue G 250 in 50% 

(v/v) distilled water, 40% (v/v) methanol and 10% (v/v) acetic acid. The gel was then 

washed with distilled water and immersed in a 60% (v/v) water, 30% (v/v) methanol 

and 10% (v/v) acetic acid solution for 30 min. The entire process was performed under 

reciprocal agitation until bands were visualised. 

 

2.5 Zymogram of laccase in native gel 

The native gel and loading buffer were prepared according to the Laemmli protocol 

[47], but without SDS. Fifteen µl samples were applied to each lane. To reveal bands 

with enzymatic activity, the gel was first washed with 100 mmol/l sodium acetate 

buffer, pH 4.5, for 10 min. Subsequently, it was incubated in a solution of 5 mmol/l 

ABTS in 100 mmol/l sodium acetate buffer, pH 4.5, until bands were visualised. 

Laccase activity in the gels was also monitored using a solution of 5 mmol/l 2,6-

dimethoxyphenol (DMP). 

 

2.6 Shotgun proteomics analysis 

M. palmivorus VE111 samples were subjected to further protein analysis. Protein 

digestion for MS was performed in two steps. First, gel bands from SDS-PAGE were 

cut into approximately 1 x 1 mm fragments in 0.5–1.5 ml Eppendorf tubes and SDS was 

removed with ultrapure water. The fragments were then dehydrated with 150 μl 100% 

acetonitrile (ACN) in 50 mmol/l NH4HCO3, and reduced with 150 μl 10 mmol/l 

dithiothreitol (DTT) in 50 mmol/l NH4HCO3. After this, band alkylation was performed 

with the addition of 150 μl 55 mmol/l iodoacetoamide (IAA) in 50 mmol/l NH4HCO3, 

and incubation for 20 min in the dark at room temperature. Tryptic gel digestion was 

carried out by addition of 100 μl of a solution of 15 μg PierceTM trypsin solubilised in 



285 μl 50 mmol/l ice-cold NH4HCO3. The samples were then incubated overnight at 37 

°C. After digestion with trypsin, two extraction steps were carried out; firstly, extraction 

with 100 μl 100% ACN (700 rpm, 37 °C for 15 min, followed by sonication for 5 min), 

and then extraction with 100 μl 0.5% trifluoroacetic acid (TFA). Finally, the peptide 

samples were concentrated in a speed-vac to a volume of approximately 1 μl, and were 

stored at -20 °C prior to MS.  

Peptides were trapped onto an Acclaim PepMap 100 (Thermo Scientific) 

precolumn, and then eluted onto an Acclaim PepMap 100 C18 column and separated at 

a flow-rate of 250 nl/min on a nanoEasy high-performance liquid chromatography 

HPLC (Proxeon) coupled to a nanoelectrospray (Thermo Scientific). The following 

gradient of buffer B was used: 160 min 0–35%, 10 min 35–100%, and 10 min 100%. 

Buffer A contained 0.1% formic acid and 2% acetonitrile, while Buffer B was 0.1% 

formic acid in acetonitrile. Mass spectra were acquired on a LTQ-Orbitrap Velos mass 

spectrometer (Thermo-Scientific) in a positive ion mode. Full-scan MS spectra (m/z 

400–15000) were acquired on the Orbitrap at a resolution of 60,000, and the 15 most 

intense ions were selected for collision induced dissociation (CID) fragmentation in the 

linear ion trap, with a normalised collision energy of 35%. Singly charged ions and 

unassigned charge states were rejected. Dynamic exclusion was enabled with a duration 

of 45 s. 

Mass spectra *.raw files were searched against Uniprot Basidiomycota 

(including 1,904,909 protein sequence entries), using the Sequest search engine of 

Proteome Discoverer version 1.4.1.14 (Thermo Scientific). Search parameters allowed a 

maximum of two missed cleavages, carbamidomethylation of cysteines as a fixed 

modification, and oxidation of methionine as variable modifications. Precursor and 

fragment mass tolerance were set to 10 ppm and 0.5 Da, respectively. Identified 



peptides were validated using the Percolator algorithm, with a q-value threshold of 0.01 

[48]. 

 

2.7 Eucalyptus globulus wood 

E. globulus wood was acquired from Flosul Madeiras, city of Capivari, Rio Grande do 

Sul, Brazil, with wood chips being used with and without pretreatment by steam 

explosion. The steam explosion pretreatment of E. globulus was performed by America 

Biomass Technologies, Piracicaba, Brazil. The feedstock (E. globulus chips) was 

pretreated with saturated steam (20 bar) in a 200-L batch STEX® reactor (America 

Biomass Technologies, Brazil) at 17.5 kgf/cm2 (approximately 205 °C) for 10 minutes. 

After the reaction, the reactor was discharged and the steam-treated material (slurry) 

was collected in a 6000-L blow-tank. Subsequently, the dry pretreated biomass (solid 

part) was separated from the free liquid produced during the process. The biomass, after 

drying at 65 ºC until humidity levels were lower than 10%, was used for enzymatic 

studies. 

 

2.8 Laccase treatment of steam-exploded E. globulus wood 

The effect of M. palmivorus VE111 laccases on the phenolic content of E. globulus 

biomass pretreated by steam explosion was analysed. Reactions performed in conical 50 

ml polypropylene tubes contained 5% (w/v) dry biomass, 50 U/g of dry biomass 

laccase, and 0.05 mol/l sodium citrate buffer, pH 4.8, and were incubated at 50 ºC in a 

shaker-incubator at 180 rpm, for 6 h. The reaction mix was then centrifuged and the 

supernatant collected for analysis of total phenolic compounds and molecular mass 

distribution. The experiment was carried out in triplicate, and a control condition 

without added enzyme was included. 



2.9 Phenolic content and molecular-mass distribution 

Free phenol content was quantified according to the Folin-Ciocalteau method [49] with 

modifications. Folin-Ciocalteau reagent was used, and results were expressed as grams 

of gallic acid equivalents per litre.  

Changes in the molecular mass distribution of the soluble fraction of E. globulus 

wood pretreated by steam explosion and treated with laccase from M. palmivorus 

VE111 were analysed by gel filtration on Superdex-75. Controls incubated under the 

same conditions, without added laccase, were also analysed. Samples (1 ml) were 

filtered, and 200 µl of the filtrate was injected onto a Superdex-75 column equilibrated 

with 0.05 mol/l NaOH and 0.025 mol/l LiCl. The flow rate was adjusted to 0.5 ml/min 

and spectrophotometric measurements were performed at 280 nm. 

 

2.10 Laccase treatment of E. globulus wood  

Wood of E. globulus was treated with the whole enzymatic broth of M. palmivorus 

VE111. Wood chips were milled and passed through a 40 mesh sieve. Experiments 

were run in duplicate in 1 l Duran flasks, using 5 g eucalyptus biomass and 50 U 

laccase/g of dry biomass in 0.05 mol/l sodium citrate buffer, pH 4.8, and incubated at 40 

°C, 150 rpm, under a 2 bars O2 atmosphere for 12 h. Duplicate controls without laccase 

were also included. After incubation, samples were filtered with a Büchner funnel and 

washed with 1 l water. The residue was then submitted to a peroxide-reinforced alkaline 

extraction using 1% (w/w) sodium hydroxide and 3% (w/w) hydrogen peroxide, at 80 

ºC for 90 min, followed by water washing. Subsequently, four successive enzyme 

extractions treatments were applied, as described by Rico et al. [14], with modifications. 

The lignin content was estimated by the Klason method described below.  

 



2.11 Two-dimensional nuclear magnetic resonance (2D-NMR) spectroscopy 

Samples of E. globulus, untreated (control) and treated with laccases, were submitted to 

2D-NMR spectroscopy. The 2D heteronuclear single quantum coherence (HSQC) NMR 

experiments were performed in a gel state, allowing an in situ analysis of the whole cell 

wall [50,51]. This approach did not require previous lignin isolation and avoided 

possible alterations and material loss during the isolation process. Seventy-five mg of 

ball-milled samples were transferred into 5-mm NMR tubes and swelled in 0.7 ml 

deuterated dimethylsulfoxide (DMSO-d6), forming a gel inside the tube [50]. Spectra 

from 2D HSQC NMR were recorded at 300 K on a Bruker Avance III 500 MHz 

spectrometer (Bruker, Karlsruhe, Germany), equipped with a 5-mm TCI gradient 

cryoprobe with inverse geometry. An adiabatic HSQC pulse progam (Bruker standard 

sequence hsqcetgpsisp.2) was utilised, which enabled a semiquantitative analysis of the 

different 1H-13C correlation signals [52]. HSQC spectra were acquired from 10 to 0 ppm 

(5000 Hz) in F2 (1H) using 1000 data points for an acquisition time (AQ) of 100 ms, 

with an interscan delay (D1) of 1 s. For the F1 (13C) dimension, the spectral width was 

from 200 to 0 ppm (25,168 Hz), using 256 increments of 32 scan, for a total AQ of 2 h 

34 min. The 1JCH used was 145 Hz. Processing used typical matched Gaussian 

apodization in 1H and a squared cosine bell function in 13C. The central solvent peak 

was used as an internal reference (δC/δH 39.5/2.49). 

The lignin and carbohydrate correlation signals in HSQC spectra were assigned 

by comparison with those previously reported [51,53]. The 1H-13C correlation signals 

from the aromatic region of the spectrum were used to estimate: i) the content of lignin 

relative to the content of amorphous carbohydrates (estimated from the anomeric xylose 

and glucose signals); ii) the lignin composition in terms of G and S units; and iii) the 

lignin decay after signal normalization to the DMSO signal (given that the same volume 



of DMSO was used to prepare the different samples). The Cα-Hα correlation signals in 

the aliphatic-oxygenated region were used to estimate the abundance of the lignin inter-

unit linkages (mainly -O-4 and -). Likewise, S2,6 and G2 signals were used to 

estimate the relative abundances of the aromatic units – as signal S2,6 involves two 

proton-carbon pairs, their volume integral was halved. 

 

2.12 Enzymatic saccharification of eucalyptus biomass 

Both untreated E. globulus wood and steam-exploded samples were used for enzymatic 

saccharification. The reactions were carried out in 50 mL Duran® flasks containing 5% 

of dry biomass in 0.05 mol/l sodium citrate buffer, pH 4.8. For steam-exploded 

eucalyptus, the experiments were performed in triplicate at 50 °C for 72 h at 160 rpm. 

In order to evaluate the effect of enzymatic broth of M. palmivorus VE111 on the 

saccharification process, and subsequently, in ethanol fermentation, laccases were added 

before or after saccharification. The laccase treatment was conducted for 6 h and 

saccharification for 72 h. An enzymatic loading of 50 U of laccase and 30 U of cellulase 

per gram of dry biomass was used. Control conditions without laccases, containing only 

buffer and cellulases, were also included. 

For eucalyptus wood, in which the enzymatic treatment with laccases was 

already performed as described in section 2.13, enzymatic saccharification was carried 

out with 30 U cellulase/g dry biomass. The same saccharification was performed for 

both control (without laccase treatment) and experimental (with laccase treatment) 

samples. Saccharification was performed over 72 h; after which, the sample was 

centrifuged and the supernatant collected for analysis of sugars and also reserved for 

ethanol fermentation. Sugars were analysed by HPLC on a LC-20AD Shimadzu 

chromatography system, with a DGU-14A mobile phase degasser, CTO-20A column 



oven, and RID-10A and SPD-20A (photodiode array) detectors for refractive index and 

ultraviolet measurements, respectively. The analysis was performed on an Aminex 

HPX-87H column (Bio-Rad®) at 60 ºC, preceded by a Cation-H pre-column, and eluted 

with a 5 mmol/l H2SO4 mobile phase at a flow rate of 0.6 ml/min. 

Glucose and xylose yields were calculated according to equations 1 and 2 [54], 

respectively: 

 

YG (%) = (g / ((gWIS/100) x SL) x 100             (1) 

YX (%) = (x / ((xWIS/100) x SL) x 100             (2) 

 

where: YG (%) and YX (%) are the glucose and xylose yields, respectively, expressed as 

grams of glucose and xylose released after enzymatic hydrolysis per 100 g of glucose 

and xylose present in the water insoluble solids (WIS); g and x are glucose and xylose 

concentrations after enzymatic hydrolysis, respectively, in g/l; gWIS and xWIS are the 

percentage content of glucose and xylose in the WIS after biomass characterisation, 

respectively; and SL is the load of solids, in g/l. 

 

2.13 Ethanol fermentation and yeast cell density 

Sugars released from E. globulus wood were fermented to ethanol using the yeast 

Saccharomyces cerevisiae CAT-1, with 10% (w/v) of viable cells 24 h after inoculation. 

The cell density of S. cerevisiae CAT-1 after 24 h of fermentation was measured in a 

spectrophotometer at 600 nm. This yeast fermented glucose, but not pentoses. 

Enzymatic hydrolysis and fermentation were carried out separately. The experiments 

were performed in 5 ml tubes with 4 ml of total reaction volume, comprising 3.2 ml 

hydrolysate, 0.4 ml yeast inoculum and 0.2 ml of a supplement of yeast extract 



(Prodex®, Pronal SP, Brazil) and (NH4)2SO4, giving a final concentration of 4 mg/ml 

and 1 mg/ml, respectively. Ethanol fermentation was carried out at 28 ºC under 

stationary conditions. Samples were taken to determine the consumption of glucose and 

the production of ethanol by HPLC. Ethanol yield was calculated with equations 3 and 4 

[54]: 

 

YE/G (g/g) = (Ef – Ei) / (Gi – Gf)              (3) 

YE (%) = (YE/G / ƒethanol) x 100              (4) 

 

where: YE/G (g/g) is the ratio of product yield (ethanol) relative to substrate (glucose), 

expressed as grams of ethanol per g of glucose present in WIS; Ef is the final ethanol in 

g; Ei is the initial ethanol in g; Gi is the initial glucose in g; Gf is the final glucose in g; 

YE is the ethanol yield expressed as a percentage of the theoretical maximum yield of 

ethanol); and ƒethanol is the ethanol stoichiometric conversion factor of 0.511 g of ethanol 

per g of glucose.  

The cell density of S. cerevisiae CAT-1 after 24 h of fermentation was measured 

in a spectrophotometer at 600 nm. 

 

2.14 Characterisation of Eucalyptus globulus wood  

Both untreated E. globulus wood and that pretreated by steam explosion were 

characterised for levels of proteins, structural carbohydrates and acid-insoluble lignin. 

Extractives were determined only for E. globulus wood. 

 Extractives. The quantification of the extracts present in E. gobulus biomass was 

carried out according to the methodology of the National Renewable Energy Laboratory 

(NREL-TP-510-42619) [55]. 



 Ashes. Ash determination was by gravimetric analysis, according to the 

methodology of the National Renewable Energy Laboratory (NREL–TP–510–42621) 

[56]. 

 Proteins. Protein was determined by quantification of total nitrogen content, 

according to the Dumas combustion method [57,58]. 

 Carbohydrates and lignin. Lignin estimation was carried out according to the 

methodology of the National Renewable Energy Laboratory (NREL-TP-510-42618] 

[59] for Klason lignin. The liquid part, after Klason lignin was collected, was filtered 

through a 20 µm nylon membrane and submitted to HPLC for the analysis of sugars. 

The solid residue of Klason lignin was oven-dried and the percentage of acid-insoluble 

lignin was determined in relation to the dry weight of the sample.  

 

2.15 Statistical analysis 

 The results were analysed by ANOVA, with Tukey’s post-tet at p = 0.05.  

 

3. Results and discussion 

3.1 Zymogram of laccase and secretome of M. palmivorus VE111 

Both DMP and ABTS were used as substrates to be oxidised by the laccase containing 

broth from M. palmivorus VE111. Four isoforms were observed with the corresponding 

zymograms with DMP and with ABTS (Fig. 2A-B), suggesting possible laccase 

isoenzymes. In addition, it has been established that different factors, at the level of 

laccase gene transcription, influence laccase production and activity [60], such as 

carbon and nitrogen sources and concentrations [61], metal ions and aromatic 

compounds [62].  



Laccase production by strain VE111 occurred in medium supplemented with 

CuSO4, which possibly induced the production of isoforms of laccases [35]. Growing 

Pleurotus ostreatus in yeast extract supplemented with CuSO4 and ferulic acid, Karp et 

al. [63] identified six isoforms when the highest laccase activity was achieved.  In 

addition, Yang et al. [62] found that Cu2+ ions were indispensable for efficient laccase 

production by Cerrena sp. strain HYB07. Klonowska et al. [64] also found that 

Marasmius quercophilus was able to secrete three new inducible laccases when both 

copper and p-hydoxybenzoic acid were added to malt extract medium. 

As a recently isolated fungus, the secreted proteins of M. palmivorus VE111 

were analysed in an optimised culture medium [35]. Previous SDS-PAGE analysis (Fig. 

2C) showed intense bands between 20 and 75 kDa, consistent with the molecular weight 

range of 30–85 kDa reported for most fungal laccases [65,66]. 

Subsequent analysis revealed the presence of 331 proteins in the secretome of M. 

palmivorus VE111, growing in glucose-casein medium supplemented with potato broth, 

CuSO4 and MnSO4, which were grouped according to their putative function (Table S1). 

Fig. 2D presents an overview and general distribution of the different proteins 

identified. Almost half of the secretome of M. palmivorus VE111 were proteins of great 

interest in biorefineries, for biofuel production and as valuable molecules present in 

lignocellulosic residues, with 44% being glycoside hydrolases, oxidoreductases and 

esterases. Among the oxidoreductases, representing 18% of the proteins in the 

secretome, 45% had been previously identified. Only 12% of the proteins were 

peroxidases. Among oxidoreductases that had other functions, representing 43% of the 

proteins in the secretome, most were represented by glucose oxidase, as can be seen in 

the supplementary material 1. 



Table 1 shows the Top-10 proteins identified in the secretome of M. palmivorus 

VE111, based on the score and peptide spectrum match (PSM). Half of these proteins 

correspond to laccases, highlighting potential of M. palmivorus VE111 in the 

production of this type of oxidoreductase. Notably, the simple composition of the broth 

culture medium used for enzyme production of M. palmivorus VE111 consisted of only 

one carbon source, one nitrogen source and mineral salts, supplemented with potato 

broth. The representation of laccases in this secretome, although typical of most 

basidiomycetes, might have been increased with the addition of CuSO4, as reported by 

Carabajal et al. [19] in a proteome study of Trametes versicolor BAFC 2234 grown on 

tomato juice medium supplemented with copper and manganese.  

Fernández-Fueyo et al. [67] analysed the secretome of P. ostreatus growing on 

lignocellulose substrates, poplar wood and wheat straw, in comparison to that on 

glucose medium, identifying an overproduction of lignin-modifying enzymes, mainly 

laccases, manganese peroxidase and versatile peroxidase. Salvachúa et al. [68] 

compared the Irpex lacteus proteome, growing on wheat straw in liquid and solid state 

fermentation, with that of Phanerochaete chrysosporium and P. ostreatus growing on 

wheat straw in solid-state. In solid state, I. lacteus secreted mainly peroxidases (dye-

decolourising and manganese-oxidising peroxidase), proteases, cellulases and 

xylanases, whereas a greater production of β-glucosidase was found in liquid state. By 

contrast, P. chrysosporium produced more enzymes involved in the total hydrolysis of 

polysaccharides, and P. ostreatus produced more oxidoreductases. Comparing these and 

other basidiomycete secretomes, indicated that the optimisation of the culture medium 

developed for M. palmivorus had promoted the secretion of oxidoreductases, especially 

laccases, although many glycoside hydrolases of interest were also found, such as β-

glucosidases, endoglucanases, β-mannosidases and exo-1,4-β-xylosidase, besides 



esterases. A detailed view of all the proteins found in the secretome of M. palmivorus 

VE111 is available in the supplementary material 1. 

 

3.2 Laccase delignification of E. globulus wood and its effect on saccharification and 

ethanol fermentation 

A characterisation of E. globulus wood is presented in Table 2. The delignification 

performed by the laccase-rich secretome of M. palmivorus (from 23% to 17% Klason 

lignin content) allowed for higher sugars yields after enzymatic hydrolysis with the 

cellulases and xylanases of P. echinulatum. The approximate 10% increase of glucose 

yield, as well as a 15% increase in xylose yield, resulted in an 8.5% increase of ethanol 

production (Table 3).  

Modification of E. globulus lignin was assessed by 2D-NMR (Fig. 3). The Cα-

Hα correlation signal in the aliphatic-oxygenated region was used to estimate the 

abundance of lignin β-O-4 inter-unit linkages. HSQC spectra demonstrated that laccase 

was efficient in the degradation of lignin, promoting its decay by 31%, related to the 

removal of aromatic compounds, without significantly modifying the S/G ratio. A 

decrease of 16% in β-O-4 bonds and a 22% decrease of lignin/carbohydrate ratio were 

also observed. The reduction in lignin content observed by 2D-NMR was similar to that 

for Klason lignin, at around 28%. 

Among hardwoods, eucalyptus is characterised by having a lignin with a high 

S/G ratio, which results in a more linear molecules and less cross-linking [69], making 

it easier to eliminate. In addition, β-O-4 linkages, the easiest to breakdown, represent 

50–70% of the total lignin bonds present in this wood [70]. Therefore, E. globulus wood 

has great potential as a lignocellulosic feedstock for the production of second-

generation ethanol. 



Lignin removal from lignocellulosic materials acts as an important step, not only 

in bioethanol production, but also releases sugars for further processing of cellulosic 

materials and recovers lignin for derived bioproducts and materials for various 

applications [71]. Enzymatic delignification consists of the application of enzymatic 

extracts, purified or semi-purified, commercial or native ligninolytic enzymes to realise 

lignin degradation [21], provoking an alteration in lignin hydrophobicity, porosity and 

surface area, effective for improving enzymatic hydrolysis and fermentation [26]. 

Moreover, this strategy offers a reduction in the process time from weeks to hours with 

no carbohydrate consumption in comparison to biological delignification [27]. In the 

literature, delignification by LMS is more common and, compared to laccase alone, 

laccase in the form of LMS has the advantage of the potential of oxidising both the 

phenolic and non-phenolic proportion of lignin [26], reaching a higher level of 

delignification degree. 

Gutiérrez et al. [72], for example, demonstrated the potential of a LMS for the 

removal of lignin from eucalyptus wood, using a commercial high redox-potential 

laccase from Trametes and 1-hydroxybenzotriazole (HBT). It was possible to remove 

32% and 48% of lignin from elephant grass and eucalyptus, respectively, with a 

significant decrease in both aromatic and aliphatic lignin. However, the high cost and 

potential toxicity of chemical mediators makes the process non-viable at an industrial 

scale. 

Rico et al. [14], attempting to overcome this limitation of synthetic mediators, 

used a natural laccase mediator, methyl syringate (MeS), in the pretreatment of E. 

globulus wood to degrade lignin and increase saccharification. They demonstrated up to 

50% lignin removal from eucalyptus wood and a 30% increase in glucose yield. 



Rencoret et al. [73] demonstrated the ability of laccase pretreatment from 

Pycnoporus cinnabarinus, using HBT as a mediator, in the delignification of sugarcane 

bagasse and straw residues. They found up to 27% and 31% decreases of lignin content 

in sugarcane bagasse and straw, respectively, by using the LMS pretreatment. 

Consequently, an increase in glucose releases by 39% and 46% for bagasse and straw, 

respectively, was achieved. 

Rencoret et al. [74] also verified the potential of a commercial LMS to delignify 

fast-growing paulownia species. The treatment was performed with a commercial 

laccase isolated from Myceliophthora thermophila (Apinis) Oorschot and MeS as a 

natural phenolic mediator. They found up to 24% lignin removal with the laccase-MeS 

treatment and a subsequent increase in glucose (38%) and xylose (34%) yields. 

Other studies only reported some lignin modification in corn straw [75] and 

eucalyptus [76], respectively, using a LMS, with the commercial laccase from M. 

termophila and the mediators MeS and HBT. Miolanen et al. [77] verified an 

improvement in hydrolysis by 54%, using a laccase-ABTS treatment (from T. hirsuta) 

of a steam-pretreated spruce. 

Some studies described delignification results in the absence of mediators and 

even with native enzymes that were on-site manufactured. Li et al. [78] observed an 

increment in porosity and surface area in alkali-extracted corn straw treated with laccase 

from T. hirsuta and consequently a two-fold increment in sugar production. Qiu et al. 

[79] treated steam-exploded wheat straw with laccase from Sclerotium sp. and lignin 

degradation was observed with a subsequent 16.8% increase in cellulose hydrolysis. 

Sitarz et al. [80] also found a higher increase in glucose production (12%), after 

delignification of steam-exploded sugarcane bagasse, using laccase from G. lucidum. 



Asgher et al. [81] tested a ligninolytic enzyme treatment (laccase, manganese 

peroxidase and lignin peroxidase) on sugarcane bagasse and it was verified that this 

ligninolytic enzyme cocktail from P. ostreatus caused a 33.6% delignification of 

sugarcane bagasse. Rico et al. [82], working with commercial laccase from M. 

thermophila, identified up to 20% of lignin loss in E. globulus wood and a 9% increase 

in glucose production. Rencoret et al. [83] also performed a delignification of milled 

wood from E. globulus using P. cinnabarinus laccase, followed by alkaline peroxide 

extraction, reaching a 18% decrease in lignin and a 25% increase in glucose and xylose 

production. Kandasmay et al. [84] working with laccase from the white-rot 

basidiomycete Hexagonia hirta, verified that crude laccase delignified wood and 

corncob, to levels of 28.6% and 16.5%, respectively. In addition, laccase pretreatment 

significantly removed lignin and enhanced the reducing sugar production by two-fold in 

Saccharum biomasses [85]. 

In comparison with the studies mentioned above, some aspects deserve attention 

and need to be discussed here. First, the efficiency of the laccase-rich secretome of M. 

palmivorus VE111 in degrading the aromatic structure of lignin results in greater 

saccharification, and consequently, higher ethanol yields. The second aspect refers to 

the absence of mediators for the delignification performed, and nevertheless 

considerable percentage of lignin degradation was achieved. It is possible that some 

components of the fungus secretome or of the wood itself may have contributed to the 

delignification, when considering the enzyme-lignin size ratio. This represented an 

advantage over other studies, since it made the process more eco-friendly and less 

costly. And the third point concerns the potential of the cellulolytic and xylanolytic 

complex of P. echinulatum S1M29 in the enzymatic hydrolysis of E. globulus biomass 

and the release of sugars. The secretome of P. echinulatum S1M29 has already been 



studied with different substrates and inductive and repressive conditions [86]. Its protein 

arsenal consists of enzymes involved in cellulose and hemicellulose degradation. In 

addition, the P. echinulatum enzyme broth used in the saccharification experiments in 

the current study contained high FPA (38 U/mL), endoglucanases (56 U/mL), β-

glucosidases (20 U/mL) and xylanases activities 315 U/mL).  

 

3.3 Detoxification of steam-exploded Eucalyptus globulus wood and its effect on 

saccharification, yeast growth and ethanol fermentation 

Although steam explosion is the most commonly used method for pretreatment 

of lignocellulosic materials, a major drawback is the generation of phenolic and other 

toxic compounds [30,87,88]. Enzymatic detoxification is one of the main 

biotechnological methods for reducing inhibitory compounds in fermentation broths, 

with laccases and peroxidases from white-rot fungi being the most commonly used 

enzymes [89].  Using enzymes for detoxification, sugar consumption by microorganism 

is avoided, favouring optimal process conditions and increasing final product yield [27] 

and filtration and washing processes can be avoided [26]. To overcome the effects of 

inhibitors derived of lignin, different detoxification processes have been evaluated [26]. 

Enzymatic detoxification requires lower energy, it take place at milder reaction 

conditions and it requires no chemical addition to diminish the inhibitory compounds of 

fermentation broths [21,26,27], although not all phenolic compounds are susceptible to 

oxidation by laccases [90]. 

In the current study, laccase produced by M. palmivorus was used to detoxify 

eucalyptus biomass pretreated by steam explosion. The detoxification was successful, 

with the content of free phenolic compounds present in the soluble fraction decreasing 

by about 70% (Fig. 4A), after 6 hours of enzymatic treatment. Molecular exclusion 



chromatography also demonstrated the efficiency of this laccase in the removal of these 

compounds, since the oxidation of monomeric phenolic compounds produced radicals 

promoting polymerisation. In Fig. 4B, a line offset is displayed in the laccase-treated 

samples and it is shown how the phenolic compounds of smaller molecular mass (center 

and right of the graph) decreased and a new peak of higher molecular mass was formed 

(left), indicating polymerisation of phenolic compounds. Similar molecular-mass 

distribution profiles have already been reported, for example, by Jaoauni et al.  [91] for 

Pycnoporus coccineus laccase treatment of wastewater from olive oil production, by 

Chandel et al. [92] for Cyathus stercoreus laccase detoxification of sugarcane bagasse, 

and by Jurado et al. [30] for Coriolopsis rigida laccase detoxification of steam-exploded 

wheat straw.   

It is important to note that the M. palmivorus enzyme broth also included some 

peroxidases, as shown in the proteomic study (Fig. 2B). These peroxidases might also 

contribute to the polymerisation of phenolic compounds present in the pretreated 

biomass, although to a lesser extent due to their lower abundance. This was consistent 

with Jönsson et al. [87], who reported detoxification of wood hydrolysates with laccase 

and peroxidase from the white-rot fungus T. versicolor. 

The effect of laccase treatment before and after enzymatic saccharification was 

evaluated. A lower glucose yield was obtained when laccase is added before the 

enzymatic hydrolysis (Table 4); however, there was a higher xylose yield. Therefore, 

the total sugar yield was unaltered, as previously reported by Fang et al. [3]. 

 However, the most interesting result was found for ethanol fermentation. An 

increase in ethanol yield was observed in both treatments with laccase when compared 

to the control condition. The increase in ethanol was higher when laccase was added 

after the enzymatic hydrolysis, providing approximately 10% more ethanol in relation 



to the control. Glucose was completed consumed under all conditions within 24 h. 

These data were consistent with those previously obtained by Jurado et al. [30] and 

Moreno et al. [88], who also described an improvement in fermentation performance 

after laccase treatment. Detoxification after or before saccharification is a controversial 

point [21]. Jurado et al. [30] and Fang et al. [3], for example, observed a greater increase 

in fermentation after detoxification with laccase, while Moreno et al. [88] found that 

detoxification with laccases prior to enzymatic hydrolysis was better for fermentation. 

As previously reported by Jönsson et al. [87] the mechanism of laccase detoxification is 

linked to the ability of the enzyme removing lignin-derived phenolic compounds, such 

as vanillin, syringaldehyde, and vanillic, syringic and p-hydroxycinnamic acids [93], 

which are important fermentation inhibitors.  

Enzymatic detoxification is described by Jönsson and Martín [94] as a strategy 

to counteract inhibition problems and overcomes the untapping that other procedures 

have to require a separate process step. Regarding to ligninolytic enzyme detoxification, 

it is possible to find several studies with this purpose. Moreno et al. [95] used P. 

cinnabarinus and Trametes villosa laccase in the treatment of steam-exploded wheat 

straw, reaching a phenol removal up to 95%, with consequent increase of the 

fermentation performance of Klyveromyces marxianus and higher ethanol yields. 

Moreno et al. also performed steam-exploded wheat straw treatment with P. 

cinnabarinus laccase and found a reduction of phenolic compounds by 44% [96], 50–

80% [97] and 73–81% [98], improving the performance of K. marxianus in ethanol 

yield during solid-state fermentation [96], more than 22 g/l ethanol at high solids 

concentration (20% w/v) [97] and 32 g/l ethanol with 16% (w/v) solids [98] with a 

xylose-recombinant producing Saccharomyces cerevisae. In a recent work, about 

laccase treatment of steam-exploded wheat straw, a removal of phenolic compounds by 



95% was achieved and improvement of cell growth and ethanol production of S. 

cerevisae during solid-state fermentation [99]. 

Ludwig et al. [100] carried out a laccase treatment using T. versicolor 

immobilised on both active epoxide and amino carriers for organosolv pretreated wheat 

straw detoxification. As result, higher phenol removal (82%) and better performance of 

Pichia stipitis during fermentation. Suman et al. [101], purified a laccase from Trametes 

maxima and a removal of ~66% of lignin-derived soluble phenolic inhibitors from 

sugarcane bagasse was observed. Giacobbe et al. [102] used laccase pretreatment for 

agrofood wastes valorisation. They used two different preparations of laccases from P. 

ostreatus (rPOXA1b laccase recombinantly expressed in Pichia pastoris and a mix of 

native laccases (mixP.o.). They found different phenol reduction with different ratio of 

laccases used: around 50% reduction of phenols in apple pomance, using rPOXA1b: 

mixP.o. 2:1 ratio, 70% of phenolic removal of coffee silverskin using rPOXA1b: 

mixP.o. 1:0 ratio and almost 50% of phenolic removal of potato peel using rPOXA1b: 

mixP.o. 1:1 ratio. 

The yeast cell density results also corroborated the detoxification obtained with 

laccases (Fig. 5). Yeast cell survival is improved when enzymatic laccase treatment is 

performed. The treatment with laccases, polymerising inhibitory phenolic compounds 

for S. cerevisiae, resulted in maintenance of yeast cell growth, in contrast to the control 

without addition of laccases. The cell density was 22% higher on laccase treatment 

before saccharification, and up to 33% higher when applied after saccharification, 

compared to the controls. Phenolic compounds are activated by laccase oxidation 

generating unstable phenoxy radicals that lead to polymerisation into less toxic aromatic 

compounds. Inhibition by free phenols is due to a decreased ability of the cell 

membrane to act as a selective barrier to these molecules, reducing both cell growth and 



sugar assimilation [103]. The higher cell density by treatment with laccase after 

enzymatic saccharification was consistent with the results of ethanol fermentation, 

where the highest yield was observed with the addition of laccases after the 

saccharification step. Likewise, Larsson et al. [104] described a higher yeast growth on 

acid steam-exploded spruce treated with T. versicolor laccase. 

The potential of enzymes produced by M. palmivorus in bioremediation [105], 

biological pretreatment [106] and enzymatic grafting [107] have previously been 

explored and reported. The strategy of using enzymes, such as laccases, in the 

detoxification process of fermentation-inhibiting compounds brings economic 

advantages and practicality. As shown, it was possible to increase the ethanol yield by 

adding laccases after saccharification. Taking into account the 10% increase in ethanol 

yield observed in this work, applying this enzymatic strategy to the scaling-up of 

second-generation ethanol production in the biorefinery industry, means greater 

profitability. In addition, it would reduce costs and time by replacing other techniques 

currently used for detoxification, such as the use of activated carbon. Thus, applying the 

use of these enzymes in the production process of this energy product (second-

generation ethanol) definitely becomes the least expensive and most sustainable 

approach, representing a specific, effective and environmentally friendly tool for 

biomass valorisation. 

 

4. Conclusion 

The whole secretome of M. palmivorus VE111, mainly composed of laccases, was used 

to delignify and detoxify E. globulus feedstock, enhancing saccharification (25%), 

removing free phenols (70%) from steam-exploded eucalyptus and increasing ethanol 

yields (10%). In the present study, it was possible to prove that the laccase-rich 



secretome, on-site manufactured, was capable of both the depolymerisation and 

repolymerisation of lignin. The demonstration of depolymerisation and 

repolymerisation by laccase from M. palmivorus VE111 showed its potential for 

industrial-scale bioethanol production. Furthermore, it give insights into the enzyme 

complexes secreted by white-rot basidiomycetes, suggesting new enzyme cocktails 

interesting for lignin degradation and efficient hydrolysis. The adoption of this proposed 

application procedure favours green chemistry technology and makes it possible to 

cheapen the entire second-generation ethanol production chain by using powerful fungal 

secretomes in biorefineries. However, recombinant enzymes, screening of natural 

enzyme mediators and degradation assays with high solids are important steps that 

should be investigated to improve this technology and make it even more viable. 
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Table 1. Top-10 proteins in the secretome of M. palmivorus VE111 grown in a glucose-casein-

potato broth-medium for five days, with the highest score and PSM values (see supplementary 

material 2 for the whole 331 proteins in secretome). 

1Peptide Spectrum Match 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Accession Description Score PSMs1 MW 

(kDa) 

pI 

A0A0W0G664 Laccase 197.50 39 54.7 5.34 

A0A0W0EX47 Glucoamylase 144.92 32 62.0 6.04 

A0A0W0G682 Laccase 118.62 28 56.2 5.12 

A0A0W0FHK0 Hsp70 chaperone 116.74 28 73.7 5.08 

E2LDQ9 Laccase 112.50 28 27.0 4.65 

G5CTE7 Laccase 108.93 26 20.1 5.71 

A0A1Q3E3S1 Heat shock protein 70 100.40 24 73.7 5.15 

G4TLJ8 Related to glucose-regulated protein 78 73.33 18 71.2 5.19 

E2LI81 Peptide hydrolase 68.78 16 30.2 4.91 

A0A0W0FJ21 Laccase 60.69 12 53.5 4.73 

https://www.uniprot.org/uniprot/V2WVN8


Table 2. Chemical composition (% of dry solid fraction) of untreated E. globulus wood and 

pretreated by steam explosion. 

 

 

 

 

 

 n.a.: not analyzed 
  

n.i.: not identified 

n.a.: not analysed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 E. globulus  

wood (%) 

E. globulus  

steam-exploded (%) 

Glucan 41.52 44.17 

Xylan 13.75 9.85 

Arabinan 1.09 n.i. 

Klason Lignin 28.33 34.65 

Extractives 6.8 n.a. 

Ash 1.42 1.71 

Proteins 1.52 1.42 



Table 3. Comparison of Klason lignin content (% of wood weight), glucose and xylose yield after 

saccharification (% of sugar released), and ethanol yield after fermentation (% of ethanol released) 

for the laccase-treated E. globulus wood and the untreated control.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Eucalyptus globulus 

wood  

Lignin insoluble  

(%) 
Glucose yield 

YG (%) 
Xylose yield 

YX (%) 

Ethanol yield 

YE (%) 

Control 22.83 40.96 78.59 106.50 

Laccase treatment 16.66 45.01 87.09 115.61 



Table 4. Comparison of glucose and xylose yields after saccharification (% of sugar released) and 

ethanol yield after enzymatic saccharification (% of ethanol released) of the steam-exploded E. 

globulus wood treated with laccase before and after saccharification and the control without laccase 

treatment. 

 

 

Eucalyptus globulus  

steam-exploded 

Glucose yield 

YG (%) 
Xylose yield 

YX (%) 

Ethanol yield 

YE (%) 

Cellulase treatment (control) 38.79 75.97 75.31 

Laccase before cellulase treatment  34.48 82.18 78.02 

Laccase after cellulase treatment 38.66 76.07 82.55 



Supplementary material 1. All proteins present in the secretome of M. palmivorus VE111 grown in a glucose-casein-

potato broth-medium for five days. The proteins are grouped according to their putative function. 

 

 

 

Accession Description Specie Score PSMs 
MW 

(kDa) 
pI 

Glycoside hydrolases 

E2LFI3 β-glucosidase Moniliophthora roreri 45.28 11 22.2 6.38 

A0A0D7B0C3 Glucoamylase Cylindrobasidium torrendii 43.16 12 67.8 5.33 

V2X8N3 α-glucosidase Moniliophthora roreri 39.97 9 105.9 4.75 

A0A286UC51 Trehalase Pyrrhoderma noxium 39.71 7 83.8 4.60 

A0A0C3CAT5 Glucoamylase Hebeloma cylindrosporum 33.34 9 61.5 8.53 

A0A067THE3 Trehalase Galerina marginata 32.55 10 80.6 5.50 

U6NHM1 Glucoamylase Leucoagaricus gongylophorus 31.35 7 61.7 4.78 

E2LFD0 GH 31 Moniliophthora perniciosa 31.33 7 19.3 9.72 

A0A0L6WIP7 Trehalase Termitomyces sp. 29.91 9 74.0 6.05 

V2WWU3 GH 3 Moniliophthora roreri 27.27 6 64.4 5.49 

A0A166NQN9 GH 5 Fibularhizoctonia s.p 27.23 7 45.3 6.01 

A0A0W0ETG0 α-galactosidase Moniliophthora roreri 26.40 6 55.4 5.00 

K5WCB3 GH 5 Phanerochaete carnosa 26.38 5 43.7 4.84 

A0A1Q3EGI8 GH 55 Lentinula edodes 25.25 4 67.1 5.12 

E2LZ79 GH 76 Moniliophthora perniciosa 24.77 5 35.5 5.60 

A0A0W0FWW7 GH 92 Moniliophthora roreri 20.49 5 90.9 5.11 

W4JWN4 α-1,2-mannosidase Heterobasidion irregulare 18.04 4 58.7 4.93 

E2LX50 GH 18 Moniliophthora perniciosa 17.59 4 24.8 8.60 

A0A0W0F861 Putative exo-β-1,3-glucanase Moniliophthora roreri 17.42 4 46.8 4.73 

D8PMG6 GH 92 Schizophyllum commune 16.70 4 91.1 4.77 

E2L8H7 β-glucosidase Moniliophthora perniciosa 15.91 4 13.7 6.62 

A0A0D7AZH6 GH 43 Cylindrobasidium torrendii 15.73 4 32.6 4.44 

A0A0W0G883 Putative GH 71 Moniliophthora roreri 15.57 4 72.9 9.19 

V2WXL9 α-glucanase Moniliophthora roreri 13.84 4 52.9 5.69 

V2Y4K9 GH 35 Moniliophthora roreri 12.82 3 113.4 6.23 

A0A137QBN8 α-galactosidase Leucoagaricus sp. 12.04 3 42.6 4.82 

V2WW73 α-1,2-mannosidase Moniliophthora roreri 10.59 3 60.3 5.16 

V2Y157 GH 18 Moniliophthora roreri 11.51 2 48.7 6.65 

V2X6S9 GH 92 Moniliophthora roreri 9.14 2 87.6 5.10 

A0A0W0FUV5 GH 16 Moniliophthora roreri 8.72 2 42.8 4.64 

A0A0W0G4P4 Putative GH 2 Moniliophthora roreri 8.38 2 108.7 4.74 

E2LIS3 Trehalase Moniliophthora perniciosa 8.25 2 31.6 5.48 

A0A0W0FFX2 Trehalase Moniliophthora roreri 7.61 3 68.3 5.14 

A0A0W0FSY2 GH 95 Moniliophthora roreri 7.49 2 88.9 5.26 

A0A0W0FW30 Putative GH 71 Moniliophthora roreri 5.46 1 55.0 5.38 

V2WHR4 GH 61 Moniliophthora roreri 5.43 1 24.9 8.66 

A0A0W0FZK5 GH 55 Moniliophthora roreri 4.92 1 80.4 6.33 

E2LEH9 GH 5 Moniliophthora perniciosa 4.85 1 13.0 8.53 

A0A0L6WBR6 Endo-1,6-α-mannosidase Termitomyces sp. 4.61 1 43.4 4.97 

A0A067NJ60 GH 28 Pleurotus ostreatus 4.28 1 48.7 5.77 

https://www.uniprot.org/uniprot/A0A067NIA2
https://www.uniprot.org/uniprot/V2XHT4
https://www.uniprot.org/uniprot/V2WQP1
https://www.uniprot.org/uniprot/V2WVF3
https://www.uniprot.org/uniprot/V2XJ67
https://www.uniprot.org/uniprot/A0A067NXP6
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A0A165QYW5 α-galactosidase Daedalea quercina 4.06 1 53.9 5.11 

A0A137Q7V2 Putative exopolygalacturonase Leucoagaricus sp. 4.04 1 49.9 7.08 

A8NGA5 Exo-β-1,3-glucanase Coprinopsis cinerea 3.96 1 88.3 5.20 

V2XF82 β-galactosidase Moniliophthora roreri 3.93 1 53.8 4.83 

A0A166MLN2 Six-hairpin glycosidase Exidia glandulosa 3.92 1 37.8 4.92 

A0A284RBM4 Related to exo-β-1,3-glucanase (I/II) Armillaria ostoyae 3.81 1 44.9 5.31 

A0A0W0GAF1 Putative GH 1 Moniliophthora roreri 3.81 1 31.3 4.98 

A0A0L6WJ25 Unsaturated glucuronyl hydrolase Termitomyces sp. 3.80 1 41.8 6.55 

W4KJ23 GH 5 Heterobasidion irregulare 3.74 1 72.7 5.44 

V2X834 GH 43 Moniliophthora roreri 3.68 1 17.8 7.88 

A0A0W0G1P4 GH 3 Moniliophthora roreri 3.65 1 86.1 5.00 

A0A067TGT7 β-mannosidase Galerina marginata 3.58 1 108.0 5.40 

M2RNS1 Glucoamylase Ceriporiopsis subvermispora 3.55 1 61.6 4.45 

V2XL59 GH 7 Moniliophthora roreri 3.42 1 51.7 8.37 

G4TU86 Probable xylan 1,4-β-xylosidase Serendipita indica 3.41 1 15.8 7.50 

A0A151VHK0 Putative β-glucosidase Hypsizygus marmoreus 3.40 1 121.8 7.34 

W4KGZ4 GH 31 Heterobasidion irregulare 3.30 1 98.7 5.59 

V2XRV8 GH 3 Moniliophthora roreri 3.30 1 90.7 5.14 

Q01599 Glucanase (Fragment) Phanerochaete chrysosporium 3.17 1 15.5 4.55 

A0A166Q847 GH 92 Fibularhizoctonia sp. 3.11 1 82.5 4.86 

W4K394 GH 30 Heterobasidion irregulare 3.10 1 57.7 5.03 

A0A0W0EYL7 GH5 Moniliophthora roreri 2.97 1 81.8 5.27 

A0A2G8RY53 Exo-1,4-β-xylosidase Ganoderma sinense 2.97 1 83.3 4.94 

A0A146I0A8 α-galactosidase Mycena chlorophos 2.82 1 56.1 5.20 

A0A0W0FT48 Cell wall glycosyl hydrolase  Moniliophthora roreri 2.81 1 44.8 6.34 

Oxidoreductases 

A0A0W0FJZ7 Aldehyde reductase Moniliophthora roreri 40.09 9 36.1 6.25 

A0A165B9R4 Laccase Laetiporus sulphureus 38.95 9 55.9 4.61 

A0A0W0FQ58 Aromatic peroxygenase Moniliophthora roreri 37.36 12 30.9 6.65 

A0A0W0FQU0 GMC oxidoreductase Moniliophthora roreri 29.25 6 68.8 5.24 

A0A165QE29 FAD-linked oxidoreductase Neolentinus lepideus 28.31 5 71.3 5.00 

A0A0W0F0Z7 Aldehyde oxidase Moniliophthora roreri 27.12 6 63.6 8.02 

A0A0W0F272 Glucose oxidase Moniliophthora roreri 26.96 7 64.8 6.10 

A0A0W0G036 Laccase Moniliophthora roreri 26.41 5 58.2 5.22 

A0A0W0G129 Superoxide dismutase Moniliophthora roreri 22.50 4 22.5 6.96 

A0A2H3JR04 Laccase Wolfiporia cocos 22.22 4 57.0 4.61 

A0A165MW79 Superoxide dismutase Neolentinus lepideus 21.61 4 22.8 7.31 

V2YC57 Glucose oxidase Moniliophthora roreri 18.62 4 65.3 5.21 

A0A0D7BHZ5 Cloroperoxidase Cylindrobasidium torrendii 18.61 4 29.9 4.56 

A0A0C2T8B5 Laccase Amanita muscaria 18.61 5 38.9 5.72 

E2LX62 Dye-decolorizing peroxidase  Moniliophthora perniciosa 16.83 3 47.5 6.27 

E7BLR0 Laccase Cerrena sp. 16.78 4 55.3 5.15 

https://www.uniprot.org/uniprot/A0A1M2VEJ1
https://www.uniprot.org/uniprot/Q5ATH9
https://www.uniprot.org/uniprot/V2XHA7
https://www.uniprot.org/uniprot/V2X3I3
https://www.uniprot.org/uniprot/Q12717
https://www.uniprot.org/uniprot/I2DBY3
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A0A0W0G588 Putative Cloroperoxidase Moniliophthora roreri 16.55 4 27.1 5.06 

D4NXN5 Laccase Marasmiellus sp. 16.20 3 5.9 6.49 

V2WWR3 Putative FAD dependent 

oxidoreductase 

Moniliophthora roreri 13.95 3 59.1 5.20 

A0A0D0ASB9 FAD-linked oxidoreductase Suillus luteus 13.02 3 60.5 6.29 

E2L9Y9 FAD-linked oxidoreductase Moniliophthora perniciosa 12.83 3 15.9 5.66 

A0A0W0FML8 Laccase Moniliophthora roreri 12.11 3 57.6 5.80 

A0A0C3AFX4 Laccase Coprinopsis cinere 11.18 3 56.6 6.04 

Q08AB3 Laccase Moniliophthora perniciosa 11.07 3 56.3 6.52 

A0A0W0EY53 Lytic polysaccharide monooxygenase Moniliophthora roreri 9.55 2 39.2 6.52 

A0A0C3CAT5 Quinone-oxidoreductase Hebeloma cylindrosporum 9.19 2 34.5 6.32 

V2XS92 Putative Cloroperoxidase Moniliophthora roreri 7.79 2 29.3 4.92 

R4JRR8 Laccase Cerrena sp. 7.62 2 56.1 6.10 

E2LQR6 Laccase Moniliophthora perniciosa 7.49 2 21.4 5.14 

V2XP29 Glucose oxidase Moniliophthora roreri 7.44 2 55.6 4.91 

A0A1M2W1C9 Glucose oxidase Trametes pubescens 7.15 2 59.5 5.73 

D2CSD3 Laccase (Fragment) Trametes sanguinea 6.99 2 43.0 5.62 

A0A0W0FTC1 Putative cloroperoxidase Moniliophthora roreri 6.09 2 14.6 4.87 

S4VGN3 Laccase Pleurotus eryngii 5.56 1 55.6 4.97 

A0A1M2VNB4 Lytic polysaccharide monooxygenase Trametes pubescens 5.29 1 19.9 6.51 

A0A2H3BC75 Laccase Armillaria solidipes 4.51 1 56.0 4.50 

V2XAH1 Quinone oxidoreductase Moniliophthora roreri 4.49 1 42.0 9.10 

A0A0F7ST12 Glucose oxidase Phaffia rhodozyma 4.21 1 65.6 4.75 

A0A0W0FWZ5 Laccase Moniliophthora roreri 4.13 1 56.5 5.26 

A0A0C6E5U8 Laccase Hericium coralloides 4.13 1 55.1 5.02 

Q2V102 Putative Laccase Termitomyces 4.12 1 30.7 4.78 

A0A0W0FR04 Flavin oxidoreductase Moniliophthora roreri 4.11 1 18.1 6.04 

A0A0W0G4Y1 Coproporphyrinogen III oxidase Moniliophthora roreri 4.02 1 40.2 7.94 

C0JRG5 Laccase Laccaria bicolor 4.00 1 56.5 5.39 

A0A0C9V2Y9 Superoxide dismutase Hydnomerulius pinastri 3.75 1 22.9 7.31 

B0E060 Laccase Laccaria bicolor 3.72 1 54.8 5.95 

V2XHA4 Dye-decolorizing peroxidase  Moniliophthora roreri 3.66 1 48.3 5.55 

A0A097DBI4 Laccase Volvariella volvacea 3.57 1 57.3 4.94 

V2WHU2 Dyp-type peroxidase Moniliophthora roreri 3.54 1 42.5 6.24 

A0A284QVM9 Related to aldo-keto reductase Armillaria ostoyae 3.41 1 30.7 6.55 

A0A0L6W7V4 Glucose oxidase Termitomyces sp. 3.28 1 66.4 5.90 

E2LSH6 Aldo/keto reductase Moniliophthora perniciosa 3.25 1 32.8 7.61 

A0A0W0EVM2 Laccase Pleurotus ostreatus 3.09 2 56.5 7.42 

A0A0C9VCH1 Glutathione reductase Hydnomerulius pinastri 3.04 1 51.8 6.79 

A0A166QAQ1 Amine oxidase Fibularhizoctonia sp. 2.30 1 90.2 6.35 

Esterases 

A0A137Q2K2 Carboxylic ester hydrolase Leucoagaricus sp. 30.07 7 59.0 6.20 

V2W6M2 Carbohydrate esterase – CE 8 Moniliophthora roreri 21.96 4 35.8 8.66 

https://www.uniprot.org/uniprot/V2X2H5
https://www.uniprot.org/uniprot/A0A0W0GAB7
https://www.uniprot.org/uniprot/V2XJA1
https://www.uniprot.org/uniprot/V2X4R0
https://www.uniprot.org/uniprot/I2DBY3
https://www.uniprot.org/uniprot/A0A167KHD6
https://www.uniprot.org/uniprot/V2WLL0
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A0A0W0FPE0 Carboxylic ester hydrolase Moniliophthora roreri 20.13 5 58.0 5.26 

A0A286UEP0 Carboxylic ester hydrolase Pyrrhoderma noxium 9.58 2 60.6 4.87 

A0A0C9SV23 Carboxylic ester hydrolase Paxillus involutus 9.36 2 59.6 4.94 

E2LRQ6 Carboxylic ester hydrolase Moniliophthora perniciosa 8.49 2 28.1 5.25 

A0A165ST68 Phosphodiesterase Neolentinus lepideus 8.00 2 64.6 6.34 

V2WVN6 Carboxylic ester hydrolase Moniliophthora roreri 8.00 2 57.3 4.79 

A0A1Q3E6E1 Carboxylic ester hydrolase Lentinula edodes 7.53 2 59.4 4.86 

A0A0W0G5I6 Carbohydrate esterase Moniliophthora roreri 6.67 2 27.9 7.15 

A0A0D0B4A0 Carboxylic ester hydrolase Gymnopus luxurians 4.03 1 58.2 4.91 

A0A164VKV1 Carboxylic ester hydrolase Sistotremastrum 

niveocremeum 

3.85 1 53.5 5.44 

V2XSD7 Esterase lipase Moniliophthora roreri 3.44 1 24.6 6.04 

A0A0W0GDV1 Phosphodiesterase Moniliophthora roreri 3.24 1 70.3 5.49 

V2WN41 Carboxylic ester hydrolase 

(Fragment) Moniliophthora roreri 

3.08 1 52.7 4.82 

Proteases 

V2XFU1 Peptidase s41 family protein Moniliophthora roreri 42.56 12 71.6 4.93 

A0A151VTT2 Peptide hydrolase Hypsizygus marmoreus 34.99 7 41.0 5.64 

A0A0W0FPR8 Tripeptidyl-peptidase Moniliophthora roreri 33.28 7 66.0 5.17 

A0A0W0GEW1 Peptide hydrolase Moniliophthora roreri 30.53 8 61.1 5.33 

A0A0W0FVW4 Extracelular serine 

carboxypeptidase 

Moniliophthora roreri 20.76 5 61.8 5.10 

E2LTU1 Peptidase S53 Moniliophthora perniciosa 19.31 5 45.5 5.00 

A0A0W0FZL0 Leucine aminopeptidase Moniliophthora roreri 16.48 4 51.8 5.69 

A0A0W0FIV5 Extracellular metalloproteinase Moniliophthora roreri 15.69 3 87.6 5.33 

A0A0C2XJR5 Dipeptidyl peptidase 3 Amanita muscaria 14.80 4 77.1 6.07 

A0A0W0FPU7 Extracellular metalloproteinase Moniliophthora roreri 14.56 3 65.4 4.77 

A0A0C3B9A1 Dipeptidyl peptidase III  Moniliophthora roreri 14.15 4 64.8 5.67 

A0A0W0EWE9 Peptide hydrolase Moniliophthora roreri 13.47 3 40.3 5.26 

A0A151VE53 Peptidyl-Lys metalloendopeptidase Hypsizygus marmoreus 12.12 3 36.4 6.68 

V2XJE3 Extracellular metalloproteinase Moniliophthora roreri 11.63 3 62.0 5.06 

A0A1C7M0B1 Dipeptidyl peptidase 3 Grifola frondosa 10.51 3 131.1 6.79 

V2YX85 Protease s8 tripeptidyl peptidase Moniliophthora roreri 9.05 2 58.9 4.88 

A0A067NV51 Dipeptidase Pleurotus ostreatus 7.50 2 48.8 6.33 

A0A0W0EX95 Peptide hydrolase Moniliophthora roreri 7.42 2 40.8 5.08 

A0A0W0FFI3 Metalloprotease Moniliophthora roreri 6.93 2 37.5 5.63 

A0A0W0GCC4 Putative family S53 protease-like 

protein 

Moniliophthora roreri 5.51 1 60.8 4.79 

A0A0W0G7F2 Extracellular metalloproteinase Moniliophthora roreri 4.54 1 65.8 5.02 

A0A1B7N4B5 Aminopeptidase Rhizopogon vinicolor 3.88 1 67.9 5.41 

D8PR03 Extracellular metalloproteinase Schizophyllum commune 3.62 1 26.9 4.61 

J4H2K8 Peptide hydrolase Fibroporia radiculosa 3.50 1 43.9 5.22 

A0A0L6WH04 Vitellogenic carboxypeptidase Termitomyces sp. 3.31 1 70.5 6.10 

https://www.uniprot.org/uniprot/V2YFN1
https://www.uniprot.org/uniprot/V2YFN1
https://www.uniprot.org/uniprot/A0A1Q3EA66
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Phosphatases 

V2XLV9 Alkaline phosphatase Moniliophthora roreri 34.03 8 72.6 5.05 

V2XLW9 Histidine acid phosphatase  Moniliophthora roreri 7.85 2 51.6 5.95 

E2LCE5 Lysophospholipase (Fragment) Moniliophthora perniciosa 4.05 1 26.6 5.27 

Other functions 

A0A165SBZ6 Heat shock protein 70 Neolentinus lepideus 65.76 16 73.6 5.31 

A0A146IN94 Endoplasmic reticulum chaperone  Saccharomyces cerevisiae 61.82 14 72.9 4.93 

A0A0B7FKV5 78 kDa glucose-regulated protein 

homolog 

Thanatephorus cucumeris 58.84 14 71.7 5.25 

A0A0W0EXP7 Putative phosphoglucomutase Moniliophthora roreri 57.47 15 63.4 6.49 

V2XWY1 Heat shock protein Moniliophthora roreri 56.83 15 71.7 6.16 

A0A286U7U0 Heat shock 70 Pyrrhoderma noxium 52.33 12 74.0 5.21 

A0A164QCR3 Heat shock protein Sistotremastrum 

niveocremeum 

47.18 11 73.6 5.21 

A0A165CYX0 Heat shock protein Exidia glandulosa 43.50 10 72.9 5.34 

A0A0W0GB08 DNA replication and repair protein 

RecF 

Moniliophthora roreri 43.09 9 57.3 4.98 

E2M5V0 Polyamine aminopropyltransferase 2 Moniliophthora perniciosa 42.92 9 14.7 5.00 

A0A2R6NK22 Stress-70 protein. mitochondrial Phlebia centrifuga 42.23 10 66.8 5.40 

M5E4B4 ATPase involved in protein import 

into the ER Malassezia sympodialis 

40.83 9 73.4 5.11 

A0A137Q5K7 Nucleoside diphosphate kinase Leucoagaricus sp. 39.57 7 14.9 8.66 

A0A0W0FUS4 Neutral ceramidase Moniliophthora roreri 34.51 9 79.8 6.65 

A0A0C9YFZ5 Chaperone protein Laccaria amethystina 31.67 7 74.2 5.94 

A0A284RHB3 Transaldolase Armillaria ostoyae 31.67 7 35.5 6.20 

A0A0W0FY57 Purine nucleoside permeasse Moniliophthora roreri 29.90 6 43.0 4.98 

V2WJC2 Glutaryl-CoA dehydrogenase Moniliophthora roreri 27.89 6 73.2 4.58 

A0A0W0EWU1 Bifunctional aspartokinase/homoserine 

dehydrogenase 
Moniliophthora roreri 27.46 6 46.2 5.82 

A0A0W0FX68 Enolase Moniliophthora roreri 27.21 5 47.2 5.94 

E2LY62 Adenosine kinase Moniliophthora roreri 27.18 6 34.2 5.77 

A0A0W0FGF0 Heparinase Moniliophthora roreri 27.01 6 85.7 5.53 

A0A165UUX7 β-hexosaminidase Neolentinus lepideus 27.01 7 60.5 4.89 

E2M098 Glucose-6-phosphate isomerase Moniliophthora perniciosa 26.99 5 44.7 7.53 

A0A0C9ZFW4 Heat shock 70 kDa protein Pisolithus microcarpus 26.93 6 66.0 6.19 

V2WY24 α/β-hydrolase Moniliophthora roreri 26.90 5 55.8 5.06 

A0A127ZJ40 Probable Polyubiquitin protein Sporisorium scitamineum 26.49 14 25.7 7.49 

S7PV39 Transaldolase Gloeophyllum trabeum 26.25 6 36.2 6.60 

A0A0W0FIE6 Putative N-acetylhexosaminidase Moniliophthora roreri 24.10 6 78.0 4.86 

E2LLK8 ATP synthase subunit a Moniliophthora perniciosa 22.35 5 23.1 5.10 

E2LZ46 Cutinase Moniliophthora perniciosa 21.56 4 29.4 9.28 

A0A1Q3EB42 Heat shock protein Lentinula edodes 20.39 5 72.4 5.60 

A0A1M2VF72 β-hexosaminidase Trametes pubescens 20.16 4 59.3 5.58 

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_51701273
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_14423732
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A0A1C7M0Z4 Heat shock protein Grifola frondosa 19.18 5 125.9 7.30 

A0A067TKK6 Transaldolase Galerina marginata 17.16 4 35.5 5.82 

A0A0C3NJ26 Glucose-6-phosphate isomerase Pisolithus tinctorius 16.99 4 62.1 6.73 

A0A0W0F4B8 Cutinase Moniliophthora roreri 16.96 4 21.1 5.85 

A0A095EJN6 Hsp72-like protein Cryptococcus gattii 16.25 4 69.4 5.10 

A0A1J8QHF1 Heat-shock protein Rhizopogon vesiculosus 15.35 4 48.5 5.74 

V2WGC2 Nucleoside diphosphate kinase Moniliophthora roreri 14.50 4 16.7 7.44 

V2XDH4 Inositol-3-phosphate synthase Moniliophthora roreri 14.39 4 61.0 6.27 

W4JNS5 Triosephosphate isomerase Heterobasidion irregulare 14.11 3 26.9 7.28 

V2XUL6 Peptidyl-prolyl cis-trans isomerase Moniliophthora roreri 12.89 3 23.6 7.05 

A0A0D7BG87 Heat shock protein Cylindrobasidium torrendii 10.41 3 71.2 5.83 

A0A0W0EVE5 Putative Phosphoenolpyruvate Moniliophthora roreri 10.26 2 27.8 5.16 

A0A0W0FQK1 Vacuolar protein Moniliophthora roreri 9.78 2 67.4 5.15 

V2YGW5 Ribonuclease t2 Moniliophthora roreri 9.60 2 16.7 5.41 

E2LSX6 Cytochrome b5  Moniliophthora perniciosa 9.51 2 14.3 4.93 

A0A165HBB0 Nucleoside diphosphate kinase Laetiporus sulphureus 9.46 2 16.6 8.15 

A0A146IEF3 3-isopropylmalate dehydrogenase Mycena chlorophos 9.25 2 80.9 6.81 

A0A0W0G6U0 Putative mannoprotein Moniliophthora roreri 8.48 2 38.9 4.97 

A0A284R6Q1 α/β-hydrolase Armillaria ostoyae 8.20 2 58.8 5.07 

V5E7D9 Putative SSC1-mitochondrial 

HSP70 member 

Kalmanozyma brasiliensis 7.19 2 71.9 5.94 

A8NPW5 Cellulose-growth-specific protein Coprinopsis cinerea 5.89 1 23.4 7.44 

A0A146HEJ4 Phytase Mycena chlorophos 4.87 1 47.4 4.78 

E2LKJ0 1.3-β-glucanosyltransferase Moniliophthora perniciosa 4.51 1 9.7 5.38 

J0WU19 Ribonuclease T2 Auricularia subglabra 4.16 1 38.5 6.37 

A0A060SN64 Adenosylhomocysteinase Pycnoporus cinnabarinus 4.12 1 47.1 6.20 

A0A2H3CGV1 Peptidyl-prolyl cis-trans isomerase Armillaria solidipes 4.07 1 23.9 6.89 

A0A286U8T9 Glutathione S-transferase Pyrrhoderma noxium 4.03 1 25.4 7.64 

A0A165SEE6 FMN-dependent alpha-hydroxy acid 

dehydrogenase 

Neolentinus lepideus 3.94 1 43.5 5.55 

A0A286UKA6 Cofactor-independent 

phosphoglycerate mutase 

Pyrrhoderma noxium 3.94 1 56.2 5.76 

A0A0W0F0P6 Extracellular invertase Moniliophthora roreri 3.78 1 69.7 5.41 

E2LKC5 Malate dehydrogenase (Fragment) Moniliophthora perniciosa 3.76 1 18.2 9.50 

V2XCC7 α/β-hydrolase Moniliophthora roreri 3.71 1 58.5 4.70 

V2X710 Macrofage activating glycoprotein Moniliophthora roreri 3.67 1 38.5 4.61 

A0A146HEW5 Elongation factor Mycena chlorophos 3.47 1 42.9 5.62 

A0A2G8SA14 Transporter Ganoderma sinense 3.46 1 57.3 4.92 

R7S5C0 Elongation factor 1-gamma Punctularia strigosozonata 3.34 1 47.1 5.97 

A0A1E3IJD7 Elongation factor 1-gamma Cryptococcus depauperatus 3.04 1 45.8 5.31 

A0A0D7BVS3 Class I glutamine amidotransferase-

like protein Cylindrobasidium torrendii 

2.63 1 24.3 5.30 

A0A0C2TGA9 Peptidyl-prolyl cis-trans isomerase Amanita muscaria 2.23 1 23.8 7.58 

https://www.uniprot.org/uniprot/V2XFA5
https://www.uniprot.org/uniprot/A0A392M6K8
https://www.uniprot.org/uniprot/V2XCM7
https://www.uniprot.org/uniprot/V2XRC8
https://www.uniprot.org/uniprot/V2XKM1
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Unknown functions 

V2X582 Uncharacterized protein Moniliophthora roreri 18.00 4 73.2 5.33 

A0A0W0FCJ5 Uncharacterized protein Moniliophthora roreri 16.93 4 54.6 5.48 

V2WZQ0 Uncharacterized protein Moniliophthora roreri 16.46 4 21.1 5.01 

B0CS95 Uncharacterized protein Moniliophthora perniciosa 15.77 5 71.1 5.21 

A0A2G8SGQ3 Uncharacterized protein Ganoderma sinense 15.53 4 79.8 5.12 

A0A0W0EW13 Uncharacterized protein Moniliophthora roreri 15.33 3 29.1 6.54 

A0A0L6WK77 Uncharacterized protein Moniliophthora roreri 15.31 3 43.9 5.30 

A0A0W0FE24 Uncharacterized protein Moniliophthora roreri 14.79 4 59.5 4.67 

E2M476 Uncharacterized protein Moniliophthora perniciosa 14.57 4 10.6 6.52 

E2LIG7 Uncharacterized protein Moniliophthora roreri 13.19 4 12.6 7.46 

V2YZY7 Uncharacterized protein Moniliophthora roreri 12.75 4 72.3 4.48 

V2XIF8 Uncharacterized protein Moniliophthora roreri 12.71 3 22.0 7.21 

A0A0W0GBF1 Uncharacterized protein Moniliophthora roreri 11.92 3 27.5 9.01 

E2LJJ5 Uncharacterized protein Moniliophthora perniciosa 11.59 3 31.7 4.86 

E2LG23 Uncharacterized protein Moniliophthora perniciosa 11.46 3 15.8 7.02 

E2LDY7 Uncharacterized protein Moniliophthora perniciosa 10.71 2 29.6 4.88 

E2LLC8 Uncharacterized protein Moniliophthora perniciosa 10.18 3 15.2 5.29 

A0A0W0FS96 Uncharacterized protein Moniliophthora roreri 9.74 2 85.2 7.08 

A0A284RA01 Uncharacterized protein Armillaria ostoyae 9.62 2 85.2 4.86 

A0A1M2VP69 Uncharacterized protein Trametes pubescens 9.46 2 156.0 4.61 

A0A0W0G5J3 Uncharacterized protein Moniliophthora roreri 8.53 2 116.8 4.89 

E2L6C5 Uncharacterized protein Moniliophthora perniciosa 8.39 2 18.6 9.50 

A0A0W0F7H6 Uncharacterized protein Moniliophthora roreri 8.38 2 55.7 4.37 

E2M156 Uncharacterized protein Moniliophthora perniciosa 8.21 2 6.8 6.25 

E2L577 Uncharacterized protein Moniliophthora perniciosa 7.85 2 20.0 5.86 

E2L6J5 Uncharacterized protein Moniliophthora perniciosa 7.82 2 22.4 7.05 

A0A067SW77 Uncharacterized protein Galerina marginata 7.67 2 63.1 5.88 

E2M5I7 Uncharacterized protein Moniliophthora perniciosa 7.63 2 15.3 4.34 

A0A0W0F8D0 Uncharacterized protein Moniliophthora roreri 7.40 2 22.6 5.07 

A0A0W0FTD8 Uncharacterized protein Moniliophthora roreri 7.31 2 15.2 6.38 

A0A151WCS7 Uncharacterized protein Hypsizygus marmoreus 6.35 2 32.5 6.77 

A0A1X6N192 Uncharacterized protein Postia placenta 5.63 1 59.1 5.07 

A0A060SF71 Uncharacterized protein Pycnoporus cinnabarinus 5.04 1 49.0 5.69 

A0A0D0C7X6 Uncharacterized protein Gymnopus luxurians 4.95 1 53.1 5.12 

A0A137QTL6 Uncharacterized protein Leucoagaricus sp 4.89 1 33.1 5.16 

E2LGW5 Uncharacterized protein Moniliophthora perniciosa 4.85 1 30.5 5.10 

V2WK32 Uncharacterized protein Moniliophthora roreri 4.69 1 96.4 4.68 

E2L3T9 Uncharacterized protein Moniliophthora perniciosa 4.68 1 13.2 7.18 

A0A0W0EZM4 Uncharacterized protein Moniliophthora perniciosa 4.68 1 26.9 8.59 

A8P8P6 Uncharacterized protein Coprinopsis cinerea 4.57 1 22.7 6.52 

E2LUD6 Uncharacterized protein Moniliophthora perniciosa 4.35 1 37.4 5.60 

https://www.uniprot.org/uniprot/A0A067NYT5
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A0A0C9TK67 Uncharacterized protein Paxillus involutus 4.29 1 23.5 6.80 

A0A0C9SM82 Uncharacterized protein Paxillus involutus 4.27 1 15.8 5.30 

A0A067SUI6 Uncharacterized protein Galerina marginata 4.11 1 24.4 6.89 

A0A0W0FV23 Uncharacterized protein Moniliophthora roreri 4.10 1 45.5 4.58 

A0A0W0FPP5 Uncharacterized protein Moniliophthora roreri 4.09 1 43.6 4.34 

A0A146IB54 Uncharacterized protein Moniliophthora roreri 4.00 1 38.6 5.81 

A0A060SB90 Uncharacterized protein Pycnoporus cinnabarinus 3.99 1 71.8 5.29 

W4KAU8 Uncharacterized protein Heterobasidion irregulare 3.99 1 23.9 5.20 

E2LWS3 Uncharacterized protein Moniliophthora perniciosa 3.97 1 42.9 9.47 

A0A0W0FLE0 Uncharacterized protein Moniliophthora roreri 3.94 1 32.2 6.11 

E2M1E5 Uncharacterized protein Moniliophthora perniciosa 3.87 1 17.2 5.08 

A0A066WJT1 Uncharacterized protein Rhizoctonia solani 3.84 1 37.6 5.36 

E2L9E6 Uncharacterized protein Moniliophthora perniciosa 3.72 1 18.7 4.84 

A0A0W0GFD3 Uncharacterized protein Moniliophthora roreri 3.69 1 13.2 7.25 

E2LX72 Uncharacterized protein Moniliophthora perniciosa 3.66 1 45.9 5.15 

V2Z1L2 Uncharacterized protein Moniliophthora roreri 3.61 1 99.6 5.27 

A0A284QKW5 Uncharacterized protein Armillaria ostoyae 3.61 1 10.2 4.94 

M5FN51 Uncharacterized protein Dacryopinax primogenitus 3.61 1 46.2 5.16 

S7R9Y8 Uncharacterized protein Gloeophyllum trabeum 3.59 1 35.3 5.91 

A0A1Q3EEQ4 Uncharacterized protein Lentinula edodes 3.57 1 30.6 4.73 

E2LT99 Uncharacterized protein Moniliophthora perniciosa 3.56 1 23.6 6.81 

A0A2A9NHH2 Uncharacterized protein Amanita thiersii 3.52 1 79.5 5.99 

E2L575 Uncharacterized protein Moniliophthora perniciosa 3.44 1 25.5 4.92 

D8QH49 Uncharacterized protein Schizophyllum commune 3.43 1 35.5 6.89 

A0A0C3FD29 Uncharacterized protein Piloderma croceum 3.38 1 67.1 6.04 

E2M2X1 Uncharacterized protein Moniliophthora perniciosa 3.34 1 11.7 7.39 

A0A0D0AEJ6 Uncharacterized protein Suillus luteus 3.30 1 14.7 9.04 

A0A0F7RXP4 Uncharacterized protein Sporisorium scitamineum 3.28 1 12.6 6.54 

R7SKT0 Uncharacterized protein Dichomitus squalens 3.24 1 72.1 4.83 

A0A067N0W3 Uncharacterized protein Botryobasidium botryosum 3.21 1 37.1 8.02 

A0A067P234 Uncharacterized protein Moniliophthora roreri 3.09 1 51.4 5.82 

E2LTY4 Uncharacterized protein Moniliophthora perniciosa 3.06 1 16.5 6.35 

A0A0C3RST6 Uncharacterized protein Phlebiopsis gigantea 3.03 1 12.2 5.21 

E2LM10 Uncharacterized protein Moniliophthora perniciosa 3.03 1 18.1 6.18 

A0A0W0EVW2 Uncharacterized protein Moniliophthora roreri 2.94 1 70.5 4.98 

A0A0W0F6C2 Uncharacterized protein Moniliophthora roreri 2.91 1 40.8 7.97 

E2LCB3 Uncharacterized protein Moniliophthora perniciosa 2.88 1 23.1 4.41 

E2M678 Uncharacterized protein Moniliophthora perniciosa 2.78 1 10.6 5.31 

D8QAG7 Uncharacterized protein Schizophyllum commune 2.75 1 72.2 4.94 

E2L5V2 Uncharacterized protein Moniliophthora perniciosa 2.73 1 22.0 4.59 

A0A0D2MYX4 Uncharacterized protein Hypholoma sublateritium 2.57 1 21.3 6.23 




