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RESUMO

A bioconversdo de residuos lignoceluldsicos ¢ uma alternativa eficiente para a obtengdo de
biocombustiveis e produtos quimicos. Esses residuos constituem uma matéria-prima renovavel
e sustentavel, e sdo formados majoritariamente por celulose, hemicelulose e lignina. Para o
aproveitamento de todos os constituintes da lignocelulose, ¢ necessaria a deslignificagdo e
posterior despolimerizagdo dos carboidratos a agucares simples. Fungos da decomposicao
branca sdo organismos que, por meio da produg@o de enzimas hidroliticas e oxidativas, possuem
a habilidade de degradar todos os constituintes da parede celular vegetal. Estudos realizados
com o fungo Trametes villosa CCMB561 vém demostrando o potencial deste isolado em
produzir enzimas ligninoliticas, e assim, atuar na despolimerizagdo de residuos vegetais.
Portanto, para revelar as bases genéticas de degradacdo da lignocelulose por Trametes villosa
CCMBS561, neste trabalho, o genoma do fungo foi sequenciado utilizando as plataformas de
sequenciamento MinlON (Oxford Nanopore) e HiSeq (Illumina). Ap6s a montagem, o genoma
teve as regides codificantes, tRNAs, elementos transponiveis, clusters de genes de metabolitos
secundarios (SMGCs), e genes codificadores de Carbohydrate-Active Enzymes (CAZymes)
anotados. Além das andlises gendmicas, foram conduzidas analises bioquimicas de
quantificagdo enzimatica, bem como de expressdo génica por qPCR e sequenciamento do
transcriptoma. Por meio das anélises, foi obtido um genoma com 46,748,415 bp, 99.1% de
completude e 14,540 genes. Foram identificados 426 genes codificadores de CAZymes e 22
SMGCs. Os resultados dos ensaios bioquimicos e expressdo génica revelaram que o isolado
Trametes villosa CCMB561 tem a capacidade de crescer em meio de cultura contendo apenas
a lignina como fonte de carbono. Nesse substrato foi detectada uma super expressao de genes
codificadores de Citocromo P450, que foi associada ao processo de O-desmetilagdo da lignina.
Também foram identificados clusters de genes codificadores de CAZymes up-regulated em
lignina e bagaco de cana-de-agucar. Este resultado revelou que 7. villosa CCMB561 atua na
despolimerizagao simultanea da lignina, celulose, hemicelulose e pectina. Genes codificadores
de nitroredutases e homogentisato-1,2-dioxigenase, que atuam na degradagdo de poluentes
organicos, foram regulados positivamente no meio contendo apenas a lignina. Os resultados
obtidos neste estudo revelaram os mecanismos genéticos de degradagdo da lignocelulose por T.
villosa CCMB561 e o potencial desse isolado para a producdo de enzimas de interesse
biotecnoldgico e aplicagdo na conversao da biomassa lignocelulosica e degradagao de poluentes
organicos.

Palavras-chave: Trametes villosa, gendmica, transcriptomica, biomassa lignoceluldsica,

CAZymes, bioconversao.



ABSTRACT
The bioconversion of lignocellulosic materials, a renewable and sustainable raw material, is an
efficient alternative to produce biofuels and obtain chemicals. These residues consist mostly of
cellulose, hemicellulose, and lignin. For the use of all the lignocellulosic constituents, both
delignification and saccharification of biomass are needed for the removal/modification of
lignin and subsequent depolymerization of polymeric carbohydrates to simple sugars. White-
rot fungi are organisms that, by the production of hydrolytic and oxidative enzymes, have the
ability to degrade all the polymers of the plant cell wall. Previous studies using Trametes villosa
CCMBS561 demonstrated the potential of this isolate to produce ligninolytic enzymes, and thus
act in the depolymerization of plant residues. Hence, in order to reveal the genetic bases of
lignocellulose degradation by the fungus Trametes villosa CCMB561, its genome was
sequenced using two sequencing platforms (MinlON and Illumina) and assembled using
different software. After the assembly, the genome had coding regions, tRNAs, transposable
elements, Secondary Metabolite Gene Clusters (SMGCs) and Carbohydrate-Active Enzymes
(CAZymes) encoding genes annotated. In addition, biochemical assays for enzymatic
quantification, as well as, gene expression analyses by qPCR and transcriptome sequencing
were carried out. Through the analyses, a genome with 46,748,415 bp, 99.1% of completeness,
and 14,540 genes were obtained. A total of 426 genes encoding CAZymes and 22 SMGCs were
identified. The results of biochemical assays and gene expression analyses revealed that 7.
villosa CCMB561 has the ability to grow in culture medium with lignin as the sole carbon
source. In this substrate, an overexpression of Cytochrome P450 was detected, which was
associated with the initial process of O-demethylation of lignin for subsequent
depolymerization by oxidases and peroxidases. Clusters of up-regulated CAZymes-encoding
genes were identified in lignin and sugarcane bagasse, revealing that 7. villosa CCMBS561 acts
in the simultaneous depolymerization of lignin, cellulose, hemicellulose, and pectin.
Furthermore, genes encoding nitroreductases and homogentisate-1,2-dioxygenase that act in
the degradation of organic pollutants were up-regulated in the lignin medium. Finally, these
findings revealed the genetic mechanisms of lignocellulose breakdown by Trametes villosa
CCMBS561 and exhibits the great potential of this fungal isolate to be used for the production
of enzymes with biotechnological interest and application in the conversion of lignocellulosic

biomass and degradation of organic pollutants.

Keywords: Trametes villosa, genomics, transcriptomics, lignocellulosic biomass, CAZymes,

bioconversion.
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1. FUNDAMENTACAO TEORICA
1.1 Fungos

Os fungos sdo seres eucaridticos microscopicos e/ou macroscopicos que estdo presentes
em uma grande variedade de nichos naturais e artificiais sob a forma micelial (fungos
filamentosos e multicelulares) ou leveduriforme (fungos unicelulares). Estes organismos
constituem o Reino Fungi, um grupo taxondmico altamente heterogéneo do ponto de vista
morfoldgico, fisiolégico e ecoldgico (ESPOSITO; AZEVEDO, 2010; RAJA et al., 2017;
WALKER; WHITE, 2005).

Em relacio a fisiologia, os fungos sdo classificados como heterotroficos,
predominantemente aerdbios e, em algumas condi¢des, anaerdbios facultativos, obtém
nutrientes por absor¢do e podem utilizar diferentes fontes de carbono para o seu crescimento,
como hexoses (glicose e manose), pentoses (xilose e arabinose), dissacarideos (maltose e
celobiose), polissacarideos (celulose e hemicelulose), hidrocarbonetos aromaticos (lignina),
entre outros compostos (ESPOSITO; AZEVEDO, 2010; WALKER; WHITE, 2005). Algumas
espécies de fungos sdo classificadas como oligotroficas possuindo a capacidade de viver em
ambientes com quantidades limitadas de nutrientes, como em regides polares, solos de
ambientes extremos e cavernas (JIANG; CAI; LIU, 2017; WALKER; WHITE, 2005).

Em relagdo aos papéis ecologicos, os fungos podem ser classificados como saprobios,
simbidticos ou parasitas. Os saprobios atuam na decomposicdo da matéria organica, como
madeira e serapilheira, possuindo papel central no ciclo do carbono e grande importancia nos
ecossistemas florestais. Os fungos simbioticos estabelecem relagdes mutualisticas com outros
organismos, como as plantas, podendo esta associacdo ser mutuamente benéfica, como ocorre
nas micorrizas. J& os fungos patogénicos/parasitas infectam plantas, animais e, at¢é mesmo,
outros fungos (ESPOSITO; AZEVEDO, 2010; SCHMIDT-DANNERT, 2016).

Estimativas sugerem que o Reino Fungi possui de 2 a 5 milhdes de espécies que sdo
classificadas em 12 filos e seis grandes grupos: os sub-reinos Dikarya (que inclui os filos
Ascomycota, Basidiomycota e Entorrhizomycota) e Chytridiomyceta (que inclui os filos
Chytridiomycota, Monoblepharidomycota e Neocallimastigomycota); os filos Mucoromycota,
Zoopagomycota e Blastocladiomycota; e o grupo Opisthosporidia (que inclui os filos
Aphelidiomycota, Cryptomycota/Rozellomycota e Microsporidia) (JAMES et al., 2020; LI et
al., 2021).
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Em torno de 97% das espécies de fungos ja descritas pertencem ao sub-reino Dikarya,
que ¢ composto pelos filos Ascomycota, Basidiomycota e, mais recentemente, pelo filo
Entorrhizomycota (JAMES et al., 2020). Os filos Ascomycota e Basidiomycota representam os
maiores filos do reino Fungi, sendo que a grande maioria (aproximadamente 70%) das espécies
de fungos descritas até o momento pertencem ao filo Ascomycota (SCHMIDT-DANNERT,
2016). Espécies pertencentes a esses dois filos sdo objeto de diferentes pesquisas cientificas e
vem ganhando notoriedade devido as aplicacdes biotecnoldgicas e industriais relacionadas a
importante fun¢io que desempenham na degradacdo da biomassa lignocelulésica (DIAZ et al.,
2020; FLOUDAS et al., 2012; MAKINEN et al., 2019; MIYAUCHI et al., 2018; PAES et al.,
2019; QIAN et al., 2019).

1.2. Composi¢ao e estrutura da biomassa lignocelulésica

A biomassa lignocelulésica ¢ uma matéria-prima renovavel, sustentavel, sendo
considerada um dos maiores estoques de carbono e energia na superficie terrestre. Esta ¢
composta majoritariamente por celulose (40-50%), hemiceluloses (25-30%) e lignina (15-
25%), e, em menor quantidade, por pectina, proteinas, extrativos e cinzas (HOUFANI ef al.,
2020; KRAH et al., 2018; SRIVASTAVA et al., 2015). A composi¢ao da lignocelulose pode
variar entre espécies de plantas, tecidos e até mesmo entre plantas da mesma espécie,
dependendo do genotipo e condigdes ambientais.

Dentre os polissacarideos presentes na biomassa, a celulose ¢ o0 menos complexo e o
mais abundante (VAN DEN BRINK; DE VRIES, 2011). Este ¢ um polimero natural e linear
formado por residuos de D-glicose unidos por ligacdes B-1,4-glicosidicas. Nas plantas, as
moléculas de celulose se ligam paralelamente através de pontes de hidrogénio e arranjam-se em
fibrilas que estdo conectadas a hemicelulose e a lignina (ESPOSITO; AZEVEDO, 2010;
HOUFANI et al., 2020; VAN DEN BRINK; DE VRIES, 2011).

A hemicelulose representa o segundo polissacarideo mais abundante da biomassa
vegetal, sendo caracterizada quimicamente como heteropolimeros ramificados compostos por
pentoses (D-xilose e D-arabinose) e/ou hexoses (D-manose, D-glicose e D-galactose). A
hemicelulose ¢ classificada de acordo com o monossacarideo que constitui a cadeia principal,
logo, hemicelulose composta principalmente por residuos de D-xilose (unidos por ligagdes [3-
1,4-glicosidicas) € classificada como xilana, enquanto a composta por mondmeros de D-manose
(unidos por ligagdes B-1,4-glicosidicas) ¢ classificada como galactomananas, e a formada por

residuos de D-glicose (unidos por ligagdes B-1,4-glicosidicas) classificada como xiloglucano.
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As hemiceluloses sdo frequentemente acetiladas e suas ramificagdes compostas por mondmeros
de L-arabinose, D-xilose, D-galactose, acido urdnico, acido ferulico e fucose. A xilose ¢ o
acUicar mais abundante da hemicelulose, contudo, a composicao desta tltima pode variar de
acordo com a espécie vegetal e o tecido da planta (ESPOSITO; AZEVEDO, 2010; HOUFANI
et al., 2020; VAN DEN BRINK; DE VRIES, 2011).

A lignina ¢ o terceiro componente da biomassa vegetal, e a segunda maior fonte de
carbono na terra, caracterizada como um polimero macromolecular tridimensional, fenélico,
amorfo e heterogéneo que confere rigidez, impermeabilidade a agua e resisténcia mecanica e
microbiologica aos tecidos vegetais. Este polimero ¢ composto por trés alcoois aromaticos do
tipo fenilpropandides: o p-cumarilico, o coniferilico e o sinapilico. Estes alcoois sdo os
precursores para a formagdo de trés tipos de ligninas que sdo classificadas como, lignina p-
hidroxifenil (H), guaiacil (G) e siringil (S) (ESPOSITO; AZEVEDO, 2010; LUO et al., 2020).
As unidades aromaticas da lignina sdo unidas por ligagdes carbono-carbono, ligagdes éter, e
ligagdes éster que fortalecem a estrutura da macromolécula (LUO et al., 2020). Por fim, este ¢
o polimero mais recalcitrante e externo da parede celular vegetal, estando intimamente
associado a celulose e hemicelulose por ligacdes covalentes e pontes de hidrogénio
(ESPOSITO; AZEVEDO, 2010; HOUFANI et al., 2020; LUO et al., 2020; NISHIMURA et
al., 2018; ZHANG et al., 2015).

A biomassa lignoceluldsica possui composicao altamente varidvel e heterogénea, o que
faz desta uma fonte potencial para obten¢do de diferentes compostos quimicos. Através do
fracionamento polimérico e conversao da lignina, hemicelulose e celulose, € possivel obter uma
variedade de produtos comercializaveis, como bioetanol, vanilina, xileno, acido vanilico, entre
outros (BILAL et al., 2018; ISIKGOR; BECER, 2015; WANG, F. et al., 2021).

Além da obtencdo de produtos com alto valor agregado, a utilizagdo da biomassa
lignoceluldsica contribui para o fomento da bioeconomia, economia circular e sustentabilidade,
uma vez que a biomassa inclui residuos agricolas, agroindustriais e residuos sélidos municipais
que podem ser utilizados como fonte para obtengdo de energias renovaveis e produtos de base
bioldgica (CARUS; DAMMER, 2018; SHERWOOD, 2020).

Apesar de todo o carater sustentdvel e aplicacdes econdmicas, o aproveitamento
eficiente da biomassa lignoceluldsica ainda ¢ um desafio, devido as suas caracteristicas
estruturais e recalcitrancia. O aproveitamento completo da lignocelulose implica na remocgao
da lignina (deslignificagdo), para consecutiva despolimerizacdo da hemicelulose e celulose a
acucares fermentesciveis (HOUFANI et al., 2020). Para esse fim, a biomassa precisa ser

submetida a um pré-tratamento fisico (trituracdo e moagem), quimico (tratamento alcalino ou
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com acidos), fisico-quimico (processamento hidrotérmico) e/ou bioldgico (enzimas produzidas
por microrganismos) (BRETHAUER; STUDER, 2015; JONSSON; MARTIN, 2016). Com
relacdo ao tratamento bioldgico, diversos estudos tém investigado a utilizagdo de enzimas
fingicas para a bioconversdo de materiais lignocelulosicos em produtos quimicos (DING;
WANG; LI, 2019; ISIKGOR; BECER, 2015; SUKUMARAN et al., 2009; WANG, F. et al.,
2021).

1.3. Fungos decompositores da madeira

Os fungos decompositores da madeira tém se destacado como uma excelente alternativa
para aplicacdo no pré-tratamento e bioconversdo de materiais lignocelulosicos devido a
capacidade de produzirem enzimas lignoceluloliticas que atuam na despolimerizagdo de todos
os constituintes da parede celular vegetal. Estes organismos sdo denominados em relagdo ao
tipo de decomposicdo que exercem, a saber: branca, marrom e macia, de acordo com a
preferéncia pelos substratos e padrdo de decomposicio (ESPOSITO; AZEVEDO, 2010; SISTA
KAMESHWAR; QIN, 2018a).

Os fungos da decomposicao branca (white-rot fungi) possuem a capacidade de degradar
todos os constituintes da madeira (lignina, hemicelulose e celulose) de forma simultanea (ex.:
Phanerochaete chrysosporium e Irpex lacteus) ou seletiva (ex.: Ceriporiopsis subvermispora,
Physisporinus rivulosus e Phlebia spp.), com algumas espécies apresentando ambos os padrdes
de degradagio (ex.: Heterobasidium annosum) (ANDRIANI et al., 2020; ESPOSITO;
AZEVEDO, 2010; SISTA KAMESHWAR; QIN, 2018a). Os fungos desse grupo sao
considerados os mais efetivos na degradagdo de materiais lignoceluldsicos, principalmente
devido a capacidade de despolimerizar eficientemente a lignina, facilitando o acesso das
enzimas responsaveis pela degradacio da hemicelulose e celulose (ESPOSITO; AZEVEDO,
2010).

Os fungos da decomposi¢ao marrom (brow-rot fungi) degradam preferencialmente, e
em maior velocidade, a celulose e a hemicelulose, porém, acessam os polissacarideos
modificando a lignina em alguma extensdo (ESPOSITO; AZEVEDO, 2010; SISTA
KAMESHWAR; QIN, 2018a).

Os Ascomicetos e os fungos mitosporicos sdo classificados majoritariamente como
causadores da decomposi¢do macia/branda (soft-rot fungi) e estes podem degradar/modificar
os polimeros da parede celular vegetal, porém em uma velocidade baixa (ESPOSITO;

AZEVEDO, 2010; SISTA KAMESHWAR; QIN, 2018a).
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1.4. Fungos do género Trametes

Entre os Basidiomicetos, os fungos pertencentes a classe Agaricomycetes € ao género
Trametes (ordem Polyporales) tém demonstrado alto potencial para utilizagdo na industria
biotecnoldgica devido a sua habilidade de produzir enzimas hidroliticas e oxidativas que atuam
eficientemente na degradagdo da lignocelulose (ANDRIANI et al., 2020; ATILANO-CAMINO
et al., 2020; KNEZEVIC et al., 2016; LIU, Y. et al., 2019; MAKINEN e al., 2019; PAES et
al.,2019; VASINA et al., 2017).

Em relagdo a fisiologia e morfologia, os fungos do género Trametes sdo classificados
como fungos da decomposi¢do branca, e sdo caracterizados morfologicamente pela formagao
de basidiomas pileados com himendfero porodide, sistema hifal trimitico e producdo de
basidiosporos lisos e de parede fina que ndo reagem na presenga do reagente de Melzer
(JUSTO; HIBBETT, 2011).

Trametes hirsuta, Trametes trogii e Trametes versicolor estdo entre as espécies mais
estudadas do género, e diversas pesquisas cientificas vém demonstrando a habilidade destes
fungos em produzir de forma simultinea e sequencial enzimas ligninoliticas, hemiceluloliticas
e celuloliticas (ANDRIANI et al., 2020; GAl et al., 2014; LIU, Y. et al., 2019; MACHADO et
al., 2020; TISMA et al., 2021). Também ja foi reportado que espécies desse género possuem a
habilidade de crescer em diferentes substratos lignocelulésicos e, ao mesmo tempo, atuar na
deslignificacdo e sacarificagdo (AKYOL et al., 2019; ANDRIANI et al., 2020; JEYA et al.,
2009; TISMA et al., 2021; VASINA et al., 2017).

A espécie Trametes villosa ¢ pouco estuda quando comparada a outras espécies do
género, contudo, o potencial desse fungo de produzir lacases, peroxidases e celulases em
substratos lignoceluldsicos ja foi demonstrado (CARNEIRO; LOPES; SILVA; SANTOS;
SOUZA; et al., 2017; CONIGLIO et al., 2019, 2020; SILVA et al.,2014; YAMANAKA et al.,
2008). Em relagao ao isolado CCMB561, pesquisas anteriores ja testaram a habilidade deste de
produzir Manganés Peroxidase (MnP) e Lignina Peroxidase (LiP) em bagaco de cana.
CARNEIRO e colaboradores (2017) utilizando meios de cultura contendo bagaco, detectaram
a atividade de LiP e MnP nos dias 7, 14 e 21. Em um outro estudo, a enzima MnP foi produzida
em meio de cultura contendo apenas o bagaco de cana, em um sistema de fermentacdo em
estado solido, e esta foi aplicada na deslignificacdo de fibras de sisal, casca de coco e bagago

de cana (SILVA et al,, 2014).
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1.5. Enzimas oxidativas e hidroliticas produzidas por fungos que atuam na

despolimerizagao da lignocelulose

Diversos estudos vém sendo realizados com o intuito de contribuir para o entendimento
dos complexos mecanismos de despolimerizacdo da biomassa lignocelulésica por fungos,
sendo que dois sistemas principais sdo descritos. O primeiro estd relacionado com a produgao
de enzimas oxidativas/ligninoliticas que atuam na despolimerizacdo da lignina, e o segundo
com a producdo de enzimas hidroliticas que agem de forma especifica na degradacdo da
celulose € hemicelulose (ESPOSITO; AZEVEDO, 2010; LEVASSEUR et al., 2013).

As enzimas que atuam na desconstrucdo da parede celular vegetal sdo divididas em
diferentes familias, classificadas como enzimas ativas de carboidrato (Carbohydrate-Active
enzymes). Estas compdem o banco de dados CAZy (http://www.cazy.org/), no qual estdo todas
as enzimas que possuem atividade na clivagem, biossintese ou modificacdo dos carboidratos e
que sdo classificadas em Glicosideo Hidrolases (GH), Carboidrato Esterases (CE), Glicosil
Transferases (GT), Polissacarideo Liases (PL) e Moddulos de ligacdo a carboidrato (CBM)
(CANTAREL et al., 2009; LOMBARD et al., 2014). Neste banco de dados também estao
incluidas as enzimas que atuam diretamente na clivagem da lignina, classificadas como enzimas
de “Atividade Auxiliar” (AA), uma vez que auxiliam as enzimas GH, CE e PL a obterem acesso

aos carboidratos (LEVASSEUR et al., 2013; WONG, 2009).

1.5.1. Enzimas oxidativas ligninoliticas

As principais enzimas envolvidas na despolimerizacdo da lignina fazem parte das
familias AA1 a AAS5. Na familia AAl estdo as Lacases (Lac, 1.10.3.2), oxirredutases
multicobre (fenoloxidases) que atuam diretamente sobre estruturas fenolicas e compostos
aromaticos, como a lignina. As lacases catalisam reagdes de oxidagdo através da extracdo de
um elétron e concomitante reducdo do oxigénio em agua. Esta classe de enzimas atua em uma
ampla variedade de substratos sem a necessidade de cofatores, por isso, hd um grande interesse
nestas para utiliza¢do industrial (DASHTBAN et al., 2010; ESPOSITO; AZEVEDO, 2010;
LEVASSEUR et al., 2013; WONG, 2009).

Enzimas da familia AA2 sdo classificadas como heme peroxidases (PODs) de classe II,
e sdo dependentes de peroxido de hidrogénio (H202) como cofator para ativagdo e degradacao
da lignina. As enzimas Lignina Peroxidase (LiP, EC 1.11.1.14), Manganés Peroxidase (MnP,
EC 1.11.1.13) e Versatil Peroxidase (VP, EC 1.11.1.16) compde a familia AA2 (LEVASSEUR
etal.,2013).
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As LiPs sdo relativamente inespecificas, oxidam substratos aromaticos fenolicos e
atuam clivando ligagcdes C-C e ligagdes éter de substratos de modelo de lignina nao-fenolica
com alto potencial redox. MnPs sio enzimas dependentes de Mn (II) e atuam oxidando o Mn*?
para Mn*3, que por sua vez, oxida uma variedade de compostos fendlicos. VPs sdo enzimas
hibridas, que combinam propriedades cataliticas de LiP e MnP, sendo, desta forma, capazes de
oxidar substratos fendlicos, ndo-fenolicos e Mn*2 (DASHTBAN et al., 2010; LEVASSEUR et
al.,2013).

As enzimas pertencentes a classe AA2 apresentam atividade em uma ampla variedade
de substratos e podem ser aplicadas nas industrias de alimentos (produc¢do de vanilina), papel e
celulose (branqueamento de polpa de kraft), téxtil (degradacdo de tintas téxteis e
branqueamento), biocombustiveis (pré-tratamento de biomassa lignoceluldsica) e também na
biorremediacdo de hidrocarbonetos aromaticos policiclicos (PAH’s) e outros xenobidticos
(DASHTBAN et al., 2010; ESPOSITO; AZEVEDO, 2010; LEVASSEUR et al., 2013; WONG,
2009).

Além das enzimas ligninoliticas, outras enzimas extracelulares produzidas por fungos
também s3o0 necessarias no processo de despolimerizagdo da lignina, como aquelas que atuam
produzindo o perdxido de hidrogénio (H>0>), requerido para a atividade das peroxidases de
classe II (PODs). Na familia AA3 estdo as Glicose-Metanol-Colina (GMC) oxidorredutases,
que sdo flavoproteinas contendo um dominio de ligacdo a Flavina-Adenina Dinucleotideo
(FAD). Entre as principais enzimas que produzem H>O; nessa familia, estdo: Piranose 2-
oxidase (P20, EC 1.1.3.10), Alcool oxidase (AlcOx, EC 1.1.3.13), Glicose 1-oxidase (GOX,
EC 1.1.3.4) e Aril-alcool oxidase (AAO, EC 1.1.3.7) (DASHTBAN et al., 2010; LEVASSEUR
etal.,2013).

De forma complementar ao processo enzimatico, fungos da podridao branca e marrom,
por meio da produgdo de H,O: e da reacdo de Fenton, podem gerar radicais hidroxila livres que
atacam a lignina e os polissacarideos da biomassa por meio de uma série de clivagens nao-
especificas que viabilizam a penetragdo das enzimas lignoceluloliticas na parede celular vegetal
(DASHTBAN et al., 2010). Neste processo de geragdo de radicais hidroxila, também estao
incluidas as Celobiose desidrogenases (CDHs), que fazem parte da familia AA3. CDHs agem
gerando radicais hidroxila por meio de rea¢des de Fenton, que, por sua vez, irdo oxidar a lignina
de forma nao-enzimatica (DASHTBAN et al., 2010; LEVASSEUR et al., 2013).

Na familia AAS estdo incluidas as enzimas Glioxal oxidase (GLOX, EC 1.2.3.15) e
Galactose oxidase (GAO, EC 1.1.3.9) que possuem papel central na geracio de H»O:
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(DASHTBAN et al., 2010; ESPOSITO; AZEVEDO, 2010; LEVASSEUR et al., 2013; WONG,
2009).

1.5.2. Enzimas hidroliticas

As enzimas hidroliticas constituem uma grande classe de enzimas que atuam catalisando
reagdes de hidrolise em diferentes polimeros. Dentre estas, estdo as enzimas que atuam na
despolimerizagdo da hemicelulose, celulose e pectina, que estdo distribuidas nas familias
Glicosideo Hidrolase (GH), Carboidrato Esterase (CE) e Polissacarideo Liase (PL). Como a
composi¢ao da lignocelulose ¢ altamente variavel, diferentes enzimas sdo produzidas pelos
fungos para despolimerizar os carboidratos da parede celular vegetal (HOUFANI et al., 2020;
VAN DEN BRINK; DE VRIES, 2011) .

A degradagao da celulose ocorre através da acdo sinérgica de trés tipos de enzimas, as
B-1,4-endoglicanases (familias GHS5 5, GHS 22, GH9, GHI12, GH45, GHI131), as
exoglicanases/celobiohidrolases (familias GH6 e GH7) e as B-glicosidases (familias GHI1 e
GH3) (ROTH; HOELTZ; BENITEZ, 2020). As endoglicanases agem de forma randomica na
regido interna amorfa da fibra da celulose, gerando oligossacarideos de diferentes tamanhos,
com extremidades redutoras e ndo-redutoras. As exoglicanases agem nas extremidades
redutoras e ndo-redutoras dos oligossacarideos e liberam unidades de glicose e/ou celobiose.
Por fim, as B-glicosidases agem hidrolisando a ligacdo entre as duas unidades de glicose da
celobiose, gerando mondmeros de glicose (ESP()SITO; AZEVEDO, 2010; HOUFANI et al.,
2020; MANAVALAN; MANAVALAN; HEESE, 2015; VAN DEN BRINK; DE VRIES,
2011). Além da agdo das enzimas hidroliticas, a celulose também ¢ degradada de forma
oxidativa através de clivagens catalisadas por enzimas da familia AA9 (anteriormente GH61),
que sdo classificadas como mono-oxigenases polissacaridicas liticas dependentes de cobre
(LPMOs) (LEVASSEUR et al., 2013).

A hidrolise da hemicelulose ¢ realizada por um grupo de enzimas que age na estrutura
principal e nas cadeias laterais deste polissacarideo. 3-1,4-endoxilanases e -1,4-xilosidases
agem na hidrélise das xilanas, B-1,4-endoglicanases e -1,4-glicosidases na despolimerizagao
do xiloglucano, enquanto -1,4-endomananase e -1,4-manosidase na hidrdlise das mananas.
Além das enzimas que agem na estrutura principal das hemiceluloses, também ha enzimas que
atuam despolimerizando as cadeias laterais, tais como: a-arabinofuranosidase, a-fucosidase, a-
1,4-galactosidase, a-glicuronidase, acetilesterases, o-xylosidase e [-1,4-galactosidase
(HOUFANI et al., 2020; VAN DEN BRINK; DE VRIES, 2011). Dentre as enzimas acessorias,

as acetilesterases possuem papel crucial no processo de despolimerizagao da hemicelulose, uma



22

vez que estas irdo atuar na desacetilacdo das unidades de xilana, permitindo a agdo das
hidrolases (BIELY et al., 2014; SISTA KAMESHWAR; QIN, 2018Db).

Em relagdo as aplicacdes biotecnologicas, as celulases e hemicelulases podem ser
utilizadas em diferentes setores da economia, como na industria de alimentos, papel e celulose,
téxtil e farmacéuticas (HOUFANI et al., 2020). Além dessas aplicagdes, nos ultimos anos, tem
aumentado o interesse na aplicagdo dessas enzimas para hidrolise (pré-tratamento) da biomassa
lignoceluldsica para obtencdo de bioetanol (fermentagdo dos acucares simples) e biogas

(digestdo anaerdbica) (BUNDHOO; MUDHOO; MOHEE, 2013).

1.6. Utilizagdo de ferramentas 6micas na compreensao do metabolismo da lignocelulose

A bioconversdo de residuos florestais, agricolas e industriais para a obtencdo de
compostos quimicos e energias renovaveis ¢ altamente desejavel. Contudo, inovagdes
tecnologicas viaveis para a conversao da biomassa ainda precisam ser alcancadas e
implementadas para que o desenvolvimento de biorrefinarias, “quimica verde” e economia
circular sejam impulsionados.

Nos ultimos anos, com o desenvolvimento de novas tecnologias de sequenciamento de
DNA e RNA, e ferramentas de bioinformatica, a biotecnologia e biologia molecular tem sofrido
evolugdes substanciais, e novas descobertas sobre a biologia de diferentes organismos tém sido
alcangadas. Por meio da utilizagdo do sequenciamento de nova-geracao (NGS) e da aplicagao
integrada das ferramentas “Omicas”, incluindo genomica, transcriptomica e protedmica ¢
possivel compreender de forma global e, em larga escala, os processos celulares e vias
metabolicas dos organismos (WILKEN ez al., 2019).

A gendmica tem como principal objetivo investigar a estrutura, fungdo e evolucao dos
genomas (DE CARVALHO et al., 2019). Na interface micologia e biotecnologia, a gendmica
tem sido aplicada para identificar genes de resposta ao estresse, genes codificadores de enzimas
com aplica¢do biotecnologica, realizar predi¢do de proteinas, identificar regides codificantes e
nao-codificantes e identificar vias metabolicas (SHARMA, 2016; WILKEN et al., 2019). O
primeiro fungo a ter seu genoma sequenciado foi o Saccharomyces cerevisiae S288C, o que
representou um marco historico na Biologia e Genomica de fungos (GOFFEAU et al., 1996).
Desde entdo, iniciativas como o projeto “/000 fungal genomes” tem contribuido para o
sequenciamento de mais genomas de fungos, de forma a fornecer informagdes precisas sobre a

biologia desse grupo de organismos.
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No que se refere a degradacdo da lignocelulose, muitos estudos tém focado no
sequenciamento de genomas de fungos da decomposi¢do branca de forma a explorar toda a
maquinaria metabolica responsavel pela degradagdo da parede celular vegetal, principalmente
a lignina. O primeiro genoma de um basidiomiceto a ser sequenciado foi o de Phanerochaete
chrysosporium RP78 (MARTINEZ et al., 2004). As andlises genOmicas desse fungo
permitiram identificar genes e familias multigénicas que estdo diretamente relacionadas com a
degradacdo da lignina e dos carboidratos da parede celular vegetal. Além disso, foi possivel
identificar retrotransposons que afetam a expressdo de genes que atuam na degradagdo da
lignina (MARTINEZ et al., 2004).

Apesar da maioria dos estudos de gendmica serem focados em apenas um organismo,
estes também podem ser realizados utilizando a informagdo de varios genomas de forma
integrada, com o objetivo de entender as relagdes evolutivas entre diferentes espécies e/ou entre
organismos da mesma espécie. A gendmica comparativa ¢ uma ferramenta que vem sendo
amplamente difundida nos ultimos anos, e que pode auxiliar na identificagdo de genes
conservados, expansdo de familias génicas, variacdes no ordenamento dos genes, identificagao
de duplicacdes e delegdes génicas, dentre outros (DE CARVALHO et al., 2019; FLOUDAS et
al.,2012; MIYAUCHI et al., 2018). FLOUDAS et al., 2012 utilizaram a gendmica comparativa
para compreender os mecanismos evolutivos de degradagdo da lignina. Utilizando 31 genomas
de fungos de diferentes filos, os autores identificaram que fungos da decomposi¢do branca
apresentam expansdo no numero de copias de genes codificadores de peroxidases, enquanto
fungos da decomposi¢do marrom tiveram uma contracio dessa familia génica.

O sequenciamento de genomas também vem sendo utilizado para inferir relagdes
filogenéticas em escala gendmica (filogendmica). Em geral, sdo utilizadas matrizes contendo
milhares de genes ortélogos de copia unica (DELSUC; BRINKMANN; PHILIPPE, 2005) ou
proteinas que possibilitam avaliar as relagcdes evolutivas dos organismos a partir de seus
genomas, e, assim, testar sinais filogenéticos com maior acuracia (STAJICH, 2017; WANG, Z.
etal.,2018).

Nas ciéncias dmicas, outra ferramenta que também tem sido aplicada para o estudo de
genes, fungdes génicas e vias metabdlicas, ¢ a transcriptdmica. Através do sequenciamento em
larga escala do RNA ¢ possivel explorar o perfil transcricional dos genes, a expressao
diferencial e criar redes de expressdo e co-regulacdo génica (WILKEN et al, 2019). O
sequenciamento do transcriptoma (RNA-Seq) pode incluir tanto os RNAs mensageiros
(mRNA), quanto os RNAs ndo-codificantes (ncRNAs) (DE CARVALHO et al., 2019). No que

concerne ao metabolismo da lignocelulose, pesquisadores ja sequenciaram o transcriptoma de
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diferentes fungos degradadores da madeira para identificar os genes que sdo diferencialmente
expressos em substratos lignoceluldsicos. Por exemplo, HAGE et al., 2021 integraram as
informagdes de 50 genomas de fungos pertencentes a ordem Polyporales e buscaram por
adaptagdes genodmicas e funcionais relacionadas a decomposi¢cao da madeira através da analise
de composicao dos genomas e do perfil de transcri¢do em diferentes fontes de carbono.

Nas pesquisas de bioconversdo de residuos lignocelulosicos e produgdo de
biocombustiveis, o sequenciamento do transcriptoma pode ajudar na descoberta de novos genes
que agem na despolimeriza¢do da biomassa, identificar RNAs (microRNAs e ncRNA) que
atuam na regulagdo da expressdao génica, genes de resposta ao estresse (bidtico e abiodtico) e
genes que estdo sendo diferencialmente expressos (DE CARVALHO et al, 2019;
NIKOLAIVITS et al., 2021).

Por fim, a protedmica ¢ uma ferramenta que tem como objetivo identificar e quantificar
em larga escala todas as proteinas que sdo traduzidas em um organismo e suas interagdes
(TYERS; MANN, 2003). Com os avancos nas técnicas de separagdo de proteinas e
espectrometria de massas, atualmente ¢ possivel analisar milhares de proteinas ao mesmo
tempo, identificar isoformas, obter as caracteristicas estruturais e funcionais, identificar
modifica¢des pds-traducionais (PTMs) e estudar interagdes entre proteinas (LIU, X. et al.,
2012; TYERS; MANN, 2003). Na biotecnologia, a protedmica tem sido utilizada para
identificar proteinas e enzimas que sao secretadas para o meio extracelular, compreender como
um organismo responde a diferentes fontes de carbono, identificar novas proteinas, entender a
resposta a fatores bidticos e abioticos, entre varias outras aplicagdes (DE CARVALHO et al.,
2019; PAES et al., 2019). De forma geral, o que se pretende com os estudos de protedmica na
biotecnologia ¢ compreender processos celulares e metabdlicos que possam contribuir para a

otimizagdo de processos industriais.
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2. JUSTIFICATIVA E RELEVANCIA

A matriz energética global consiste majoritariamente na utilizacdo de combustiveis
fosseis, como petroleo, carvao e gas natural. Essas fontes de carbono, além de serem nao-
renovaveis, contribuem para a emissdo de gases do efeito estufa e causam grande impacto
ambiental, portanto, existe a necessidade crescente em expandir o uso de fontes de energia
renovavel. A biomassa lignoceluldsica, que inclui residuos agricolas, industriais e sélidos
urbanos, ganha destaque como uma promissora fonte energética sustentavel, uma vez que ¢é
abundante, amplamente disponivel e pode ser utilizada como matéria-prima para a obtengado de
biocombustiveis e uma ampla diversidade de produtos quimicos.

Embora os materiais lignoceluldsicos sejam baratos e abundantes, um grande desafio
para seu uso ¢ a degradacao da lignina, devido a sua caracteristica recalcitrante, e a necessidade
consecutiva de despolimerizacao da celulose e hemicelulose a agucares fermentesciveis. Neste
cenario, os fungos da decomposi¢do branca surgem como uma alternativa eficiente para o pré-
tratamento bioldgico destes materiais, uma vez que estes organismos possuem a maquinaria
bioquimica necessaria para a quebra da lignina e despolimerizagdo dos carboidratos da parede
celular vegetal. Dentre os fungos decompositores da madeira, o isolado Trametes vilosa
CCMB561 vem se destacando, uma vez que estudos anteriores aplicando testes bioquimicos e
andlises de expressdo génica por qPCR, demonstraram o potencial desse isolado em produzir
manganés peroxidase (MnP) e lignina peroxidase (LiP) em meio de cultura contendo substratos
lignoceluldsicos como fonte de carbono.

Estudos recentes ja demonstraram que a biologia de sistemas ¢ uma estratégia eficiente
para a compreender de forma detalhada os genes, vias metabolicas e as interagdes dos
componentes bioldgicos de um organismo. Contudo, até 0 momento, nenhum trabalho utilizou
esta estratégia para avaliar os mecanismos de degradagdo da lignina, celulose, hemicelulose e
pectina pelo fungo 7. vilosa. Portanto, por meio da realizacdo deste trabalho, analisamos de
forma integrada a informacao genética contida no DNA e aquela transcrita em RNA utilizando
o isolado 7. villosa CCMBS561. Este estudo visou contribuir com conhecimentos relacionados
a identificacdo, regulacdo e expressdo de genes que atuam na degradacdo da biomassa
lignoceluldsica. Para desta forma, viabilizar o avanco do uso de tecnologias limpas baseado na

utilizacdo de residuos agroindustriais.
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3. OBJETIVOS

3.1 Objetivo Geral

Compreender, de forma integrada, por meio da abordagem genomica e transcriptomica

os mecanismos de degradacdo da lignocelulose pelo fungo Trametes villosa CCMBS561 de

forma a ampliar a utilizagdo de residuos lignocelulésicos.

A

10.

11.

12.

3.2 Objetivos Especificos

Sequenciar o genoma do isolado 7. villosa CCMB561 utilizando as plataformas de
sequenciamento de nova geracdo (NGS) Illumina HiSeq (short-reads) e Oxford
Nanopore MinlON (long-reads);

Testar diferentes softwares e pipelines de montagem de genomas;

Anotar os genes e realizar a predigdo de transcritos e proteinas;

Realizar a anotacdo de elementos transponiveis (TEs);

Realizar andlise de enriquecimento e ontologia génica (GO);

Realizar a predicdo de cluster de genes responsaveis pela produ¢do de metabolitos
secundarios (SMGCs);

Anotar os genes codificadores de Carbohydrate-Active Enzymes (CAZymes);

Realizar anélises de gendmica comparativa de fungos do género Trametes;

Avaliar o crescimento do isolado 7. villosa CCMB561 quando submetido ao
crescimento em meios de cultura contendo lignina como principal fonte de carbono;
Realizar testes bioquimicos para avaliar a producdo das enzimas Lacase (Lac) e
Mangénes Peroxidase (MnP) quando o isolado 7. villosa CCMB561 ¢ submetido ao
crescimento em fermentagdo submersa utilizando meios indutores e nao indutores para
a producdo de enzimas ligninoliticas;

Desenhar primers para a quantificacdo relativa dos genes codificadores da Lacase (Lac),
Lignina Peroxidase (LiP) e Manganés Peroxidase (MnP) por qPCR;

Sequenciar o transcriptoma de 7. villosa CCMB561 cultivado em diferentes fontes de
carbono para avaliar a expressdo diferencial e redes de co-expressdo dos genes

envolvidos na degradacao da lignocelulose.
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4. CAPITULOS

4.1 CAPITULO I: Hybrid Assembly Improves Genome Quality and Completeness of
Trametes villosa CCMB561 and Reveals a Huge Potential for Lignocellulose

Breakdown.

Este capitulo foi publicado na revista Journal of Fungi 2022
DOI: https://doi.org/10.3390/j0f8020142
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Abstract: Trametes villosa is a wood-decaying fungus with great potential to be used in the bio-
conversion of agro-industrial residues and to obtain high-value-added products, such as biofuels.
Nonetheless, the lack of high-quality genomic data hampers studies investigating genetic mecha-
nisms and metabolic pathways in T. villosa, hindering its application in industry. Herein, applying
a hybrid assembly pipeline using short reads (Illumina HiSeq) and long reads (Oxford Nanopore
MinION), we obtained a high-quality genome for the T. villoss CCMB561 and investigated its genetic
potential for lignocellulose breakdown. The new genome possesses 143 contigs, N50 of 1,009,271 bp,
a total length of 46,748,415 bp, 14,540 protein-coding genes, 22 secondary metabolite gene clusters,
and 426 genes encoding Carbohydrate-Active enzymes. Our CAZome annotation and comparative
genomic analyses of nine Trametes spp. genomes revealed T. villosa CCMB561 as the species with the
highest number of genes encoding lignin-modifying enzymes and a wide array of genes encoding
proteins for the breakdown of cellulose, hemicellulose, and pectin. These results bring to light the
potential of this isolate to be applied in the bioconversion of lignocellulose and will support future
studies on the expression, regulation, and evolution of genes, proteins, and metabolic pathways
regarding the bioconversion of lignocellulosic residues.

Keywords: Trametes villosa CCMB561; genome assembly; comparative genomics; lignocellulosic
biomass; CAZymes

1. Introduction

Lignocellulosic biomass (LB), including agro-industrial residues, municipal solid
wastes, and forest litter is one of the largest stocks of carbon and energy on Earth [1]. These
are a sustainable, renewable, and abundant source of raw material, which can be (bio-)
converted into high value-added products, such as bio-based chemicals, polymers, and
fuels [1,2]. LB is composed mainly of cellulose (40-50%), hemicellulose (25-30%), and
lignin (15-25%), as well as other compounds in lower proportions, such as pectin, proteins,
extractables, and ash [3]. Although lignocellulosic materials are inexpensive, abundant, and
considered a valuable feedstock for biorefineries (bio-based industry), a major challenge
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for their use is the degradation of lignin, which is a highly recalcitrant polymer, and
the consecutive depolymerization of cellulose and hemicellulose (polysaccharides) to
fermentable sugars (oligosaccharides and monosaccharides) [3-5]. Therefore, biomass
needs to undergo physical, chemical, and/or biological pretreatment [4].

White-rot fungi (WRF) act efficiently in the biodegradation of plant biomass, possess-
ing the metabolic machinery for the breakdown of all plant cell wall polymers (PCW) [6-12].
The depolymerization of the lignocellulose by WREF is carried out through the production
and secretion of hydrolytic and oxidative enzymes belonging to glycoside hydrolases (GH),
carbohydrate esterases (CE), pectate lyases (PL), and auxiliary activity oxidoreductases
(AA) families, according to the classification in the Carbohydrate Active Enzymes database
(CAZymes database) [13-15]. In addition to the PCW breakdown, WRF enzymes can also
be applied in different industrial sectors, such as food, pulp and paper, textile, pharmaceu-
tical, and biofuel, and be used in the bioremediation of polycyclic aromatic hydrocarbons
(PAHSs) and other xenobiotics [3-5,13,16,17].

Fungi of the genus Trametes (Polyporales, Basidiomycota) are classified as white-
rot fungi and have the ability to simultaneously degrade all polymers of the lignocellu-
lose [6-8,18,19]. In nature, they act as one of the major decomposers of wood and plant
leaf litter, and play a central role in the carbon cycle, soil formation, and, consequently,
in the maintenance of forest ecosystems [13,20,21]. To date, the genomes of the species
T. versicolor, T. coccinea, T. polyzona, T. hirsuta, T. cinnabarina, T. sanguinea, and T. pubescens,
among others, have already been sequenced, and research related to these genomes, as well
as studies of transcriptomics and proteomics, described a set of mechanisms, genes, and
metabolites involved in wood decay. Such knowledge has provided a huge aid toward the
improvement in the production and industrial application of CAZymes [6,7,9,22-28].

Trametes villosa is an important species of the genus Trametes, and its potential to
produce laccases, peroxidases, and cellulases in different lignocellulosic substrates has al-
ready been demonstrated at the small-scale biochemical level [29-32]. Regarding the strain
T. villosa CCMB561, biochemical assays have shown its potential to produce ligninolytic
enzymes using sugarcane bagasse as a substrate in different temperatures (from 20 °C
to 33 °C) and pHs (from 4.60 to 9.38) [29,32]. Furthermore, Silva et al. (2014) obtained a
reduction up to 63% in the lignin content of different agro-industrial wastes (sugarcane
bagasse, sisal fiber, and coconut shell) using the enzyme Manganese Peroxidase (MnP) pro-
duced by T. villosa CCMB561 [32]. Despite the potential of this isolate for biotechnological
applications, so far, no genomic study has been carried out to comprehensively understand
the genetic repertoire and mechanisms involved in the complex breakdown of all plant cell
wall components (lignin, hemicellulose, cellulose, and pectin).

Indeed, the genome of T. villosa CCMB561 has previously been sequenced and a
public, preliminary draft version is available in the NCBI database (GenBank accession:
GCA_002964805.1) [24]. Nevertheless, the draft genome has a high fragmentation rate
(10,327 contigs), high duplication of single-copy ortholog genes, and a genome size larger
than expected for the genus [24]. The low quality of these data limits downstream analysis,
such as the identification, characterization, and understanding of the expression and
regulation of genes and proteins.

Therefore, in order to obtain a high-quality genome and then contribute to further stud-
ies aimed at understanding the genetic bases of lignocellulose breakdown by the WRE, we
have sequenced the genome of the isolate T. villosa CCMB561 jointly using second- (HiSeq
2500—TI1llumina) and third-generation (MinlON—Oxford Nanopore) sequencing platforms.
Different assembly strategies were tested and are described in this study. Coding regions,
transfer RNAs (tRNAs), transposable elements, and CAZymes genes were annotated. Fur-
thermore, comparative and phylogenomic analysis including genomes of other isolates of
the genus Trametes were performed. Our findings revealed that using a hybrid assembly
approach (a combination of short- and long-read sequencing from distinct platforms), it
was possible to acquire a genome with much better completeness and contiguity when
compared to the draft genome available. The new assembled genome presented 143 contigs,
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a size of 46.748 Mb, 14,540 proteins-encoding genes, and 22 secondary metabolite gene
clusters (SMGCs). In addition, a wide array of genes encoding lignocellulose-modifying
enzymes was identified, revealing a huge potential of the isolate T. villosa CCMB561 to act
in the degradation of all lignocellulose polymers, making it a high-potential strain to be
industrially used.

2. Materials and Methods
2.1. Fungal Strain and Extraction of Genomic DNA

The fungal strain T. villosa CCMB561 was isolated from field-collected basidiomata
growing on a decaying tree branch (unidentified angiosperm) in the semiarid region of
northeastern Brazil (Serra das Candeias, Quijingue, Bahia, Brazil; Lat: 39°04’30" W and
Long: 10°55'16"" S). Dehydrated basidiomata were deposited in the HUEFS herbarium
(HUEFS108280), and the culture derived from the basidiomata tissue was preserved in
sterile distilled water and deposited in the Culture Collection of Microorganisms of Bahia
(CCMB, Feira de Santana, Bahia, Brazil) under access code CCMB561. The isolate was
grown on Malt Extract Agar (2% Malt Extract, 2% dextrose and 2% Agar) at 28 £+ 2 °C
for seven days. Then, the total DNA was extracted using the ZymoBIOMICS™ DNA
Miniprep Kit (Zymo Research, Irvine, CA, USA). The DNA sample was analyzed qual-
itatively by agarose gel electrophoresis 1%, and quantitatively by a Nanodrop 1000 ND
spectrophotometer (Thermo Scientific, Waltham, MA, USA) and Qubit fluorometer (In-
vitrogen, Waltham, MA, USA). For species-level certification of the extracted DNA, the
internal transcribed region (ITS1-5.85-ITS2) was amplified and sequenced using the ITS 6
(5'-TTCCCGCTTCACTCGCAGT-3') and ITS 8 (5'-AGTCGTAACAAGGTTTCCGTAGGTG-3)
primers [33]. Amplification reaction, purification, and sequencing of the amplicons were
carried out according to the methods described by Tomé et al. 2019 [34].

2.2. MinION Library Preparation and Sequencing

We fragmented genomic DNA [8 ug] to approximately 8 Kbp using the Covaris g-TUBE
(Covaris, Woburn, MA, USA). After fragmentation, 1200 ng of DNA was purified using the
AMPureXP beads (Beckman Coulter Inc., Brea, CA, USA), not adopting the DNA repair step.
The sequencing library was prepared using the Ligation Sequencing Kit 1D (SQK-LSK108),
the Native Barcoding Kit 1D (EXP-NBD103), and the Library Loading Bead Kit (EXP-
LLB001), following the recommendations of Oxford Nanopore Technologies. The library
was sequenced for 48 h in the flowcell FLO-MIN106 (ID: FAK07371) using the MinKNOW
program with the real-time base calling function enabled. Porechop software (https://
github.com/rrwick/Porechop, accessed on 15 January 2020) was used to demultiplex the
libraries and remove the adapters (Figure S1).

2.3. lllumina Library Preparation and Sequencing

The sequencing library was prepared from genomic DNA [1 ug] using the NEBNext
Fast DNA Fragmentation and Library Preparation Kit (New England Biolabs, Ipswich, MA,
USA) following the manufacturer’s recommendations. The library quality was assessed
using the Agilent 2100 Bioanalyzer equipment, and the paired-end DNA sequencing was
carried out in the Illumina HiSeq 2500 platform. After sequencing, the raw reads quality
was assessed using the FastQC v0.11.5 software (https://github.com/s-andrews/FastQC,
accessed on 15 January 2020). Adapter sequences and bases with low quality (Phred score
<20) were trimmed using BBDuk software (https://sourceforge.net/projects/bbmap/,
accessed on 15 January 2020) (Figure S1). Genome features such as size, heterozygosity, and
repetitiveness were assessed prior to genome assembly using Jellyfish and GenomeScope
2.0 [35,36].

2.4. De Novo Genome Assembly and Assessment

The genome assembly was carried out using different approaches and software (Figure S1).
MinION long-reads were assembled using (i) Flye [37], (ii) Canu [38], (iii) Racon [39], and
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the (iv) CANU-smartdenovo pipeline with default parameters [40] while Illumina short
reads were assembled using the (v) MaSuRCA software with default parameters [41].
Hybrid assemblies using Illumina and MinIlON reads were performed using the soft-
ware (vi) MaSuRCA, (vii) SPAdes [42], and the assembly workflow (viii) MaSuRCA-
Purge_dups [41,43]. Genome quality and completeness for each assembly were evalu-
ated using QUAST v4.6.0 [44] and BUSCO v4 (Benchmarking Universal Single-Copy Or-
thologs) [45]. BUSCO analyses were performed using the database basidiomycota_odb10.

2.5. Genome Annotation and Gene Ontology Analyses

Genome annotation was performed using the MAKER2 v2.31.9 software [46—48] and
the following ab initio gene prediction software: SNAP [49], Augustus [50], and Gene-
Mark [51] (Figure S2). Low- and high-complexity repetitive genomic regions were masked
using the RepeatMasker [52], the Repbase database, and the RepeatRunner software [48].
The identification of gene regions and the prediction of proteins were performed through
the alignment of ESTs (Expressed Sequence Tags) and proteins of the genus Trametes (ob-
tained from NCBI until September 2020) using the BLAST algorithm and the Exonerate
program. After the annotation by evidence, the software SNAP, Augustus, and Gene-
Mark were used in the further annotation steps. The annotation metrics, such as the
number of genes, exons, and introns, were obtained using GAG software (Genome Annota-
tion Generator) [53]. The assignment of gene function was carried out with the support
of tools provided by MAKER [47], the makeblastdb application, the UniProt database
(uniprot_sprot.fasta), and the blastp algorithm. Gene ontology analyses were carried out in
the web server GoFeat (Gene Ontology Functional Enrichment Annotation Tool), with the
support of the following databases: Uniprot, NCBI protein, KEGG, InterPro, Pfam, EMBL,
and Gene Ontology [54]. The prediction of transfer RNA (tRNA) was performed using the
software tRNAscan-SE [55]. Secondary metabolite gene clusters (SMGCs) were predicted
using the online tool antiSMASH 6.0.1 [56].

2.6. Repeat Annotation

Transposable elements (TE) were identified de novo using the RepeatModeler package
(repeatmasker.org/RepeatModeler, accessed on 15 September 2020) with the support of
RepeatMasker [52], RECON [57], RepeatScout [58], TRF [59], and RMBlast. The obtained
TE library (consensus sequences) was filtered by removing all sequences <100 bp and those
showing significant hits with proteins not identified as TE using blastx and the UniProt
database [7]. The classification and number of occurrences of TE were assessed using the
RepeatMasker tool.

2.7. Comparative Genomics and Phylogenomics

The genome of the fungus T. villosa CCMB561 was compared with the following
seven genomes publicly available at the National Center for Biotechnology Informa-
tion (NCBI, https://www.ncbi.nlm.nih.gov/, accessed on 15 March 2020): T. coccinea
(GCA_002092935.1), T. sanguinea (GCA_008973685.1), T. cinnabarina (GCA_000765035.1),
T. hirsuta (GCA_001302255.2), T. polyzona (GCA_001939255.1), T. pubescens (GCA_001895945.1),
and T. versicolor (GCF_000271585.1); and two publicly available at the Joint Genome Insti-
tute (JGI, https://genome.jgi.doe.gov/portal/, accessed on 15 March 2020): T. ljubarskyi
(CIRM1659) and T. elegans (CIRM1663, synonym: Artolenzites elegans). The completeness
and the main metrics of the retrieved genomes were assessed using BUSCO and QUAST,
respectively. In order to standardize and improve the accuracy of the comparative analyses,
all genomes were reannotated, and the transposable elements were identified using the
methods described in Sections 2.5 and 2.6, respectively. Phylogenomic analyses were car-
ried out using the script BUSCO_phylogenomics (https://github.com/jamiemcg/BUSCO_
phylogenomics, accessed on 15 October 2020), in which single-copy ortholog genes were
aligned using MUSCLE. The alignment was trimmed using trimAl [60], and the estima-
tion of the best-fit model was performed using ModelFinder. The maximum likelihood
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phylogenetic tree was generated using the IQ-TREE software, adopting the supermatrix
method [61]. The consensus tree was constructed considering 1000 bootstrap replicates and
visualized in FigTree v1.4.3. The species Polyporus brumalis (Polyporales, Basidiomycota—
GCA_001792895.1) was used in the phylogenomic analyses as the outgroup. Network and
correlation analyses were performed based on the genome length, number of genes, TE
coverage, GC content, and number of tRNAs, using the PAST 4.04 software. The Bray-
Curtis dissimilarity index (edge cutoff: 50%) was adopted for the network analyses while
the correlation analyses were conducted using Pearson’s correlation.

2.8. CAZy Annotation and Potential for Lignocellulose Degradation

The Carbohydrate Active enzymes (CAZymes) of the Trametes species were func-
tionally annotated using the dbCAN2 web server (http://bcb.unl.edu/dbCAN2/, ac-
cessed on 15 November 2020) with the integration of the following automated annotation
tools/databases: (i) HMMER, (ii) DIAMOND, and (iii) Hotpep [62]. The dbCAN outputs
were manually curated. Proteins identified by two or three tools (HMMER, DIAMOND,
and HOTPEP) were considered correctly classified while those identified by only one tool
were subjected to blastp analyses (protein—protein BLAST) to confirm the dbCAN classifi-
cation. After annotation and manual curation, proteins related to cellulose, hemicellulose,
lignin, and pectin degradation were counted and heat maps were generated using the
pheatmap package (1.0.12) in R software (R 4.0.3).

3. Results and Discussion
3.1. llumina and MinlON Sequencing

After adapter removal and quality trimming, 48,347,940 short reads were obtained
through the Illumina sequencing (read length about 150 pb), corresponding to approxi-
mately 14 Gb (Table 1). Using these data and the GenomeScope software, the genome of the
isolate T. villosa CCMB561 was estimated to have 44,895,640 bp in length, a homozygosity
rate of 97.4%, and heterozygosity of 2.6% (Supplementary Data S1). The sequencing using
the Oxford Nanopore platform generated 1,043,247 long reads, totaling 8.1 Gb. The long
reads had an average size of 4.47 kb, N50 of 5.1 kb, and the longest read with 21,613 bp
(Table 1). According to the estimated genome size of the CCMB561 strain, coverages of
129x and 93 x were obtained through sequencing on the Illumina and Oxford Nanopore
platforms, respectively. In previous studies, genomes with lengths similar to the estimated
length of T. villosa CCMB561 were assembled with good contiguity and completeness using
even smaller coverages than those obtained in this study. For example, the genome of the
fungus Leptosphaeria maculans Nz-T4, which has a size of 43.42 Mb, was assembled in 288
contigs, using 56 x long reads and 98 x short reads [63]. In another study, the genome of
the alga Chlorella variabilis, with a size of 46.67 Mb, was assembled into 302 contigs, using
56 x long reads and 78 x short reads [64]. Thus, the sequencing coverage obtained in this
study was considered sufficient for the high-quality assembly of the genome of T. villosa
CCMB561.

Table 1. Summary of the Illumina HiSeq and Oxford Nanopore MinlON reads statistics after
preprocessing step.

Illumina MinION
Total reads number 48,347,940 1,043,247
Total reads bases (bp) 5,798,237,268 4,189,223,607
Coverage 129 % 93 x
Longest read (bp) 151 21,613
Mean reads length (bp) 138 4476

GC content (%) 57.5 56
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3.2. Genome Assembly and Assessment

In this study, eight assembly strategies were tested: one using exclusively short reads
(Ilumina HiSeq), four using only long reads (Oxford Nanopore MinlON), and three based
on the hybrid assembly, combining short and long reads (Table 2). The best result was
obtained using the assembly workflow MaSuRCa-Purge_Dups (Hybrid assembly) (Table 2
and Figure 1a), which used MaSuRCa software to generate a primary assembly and the
Purge_Dups program to identify and remove haplotypic duplications. The use of this
workflow resulted in a genome with 143 contigs, a total length of 46,748,415 bp, the
largest contig with 9,749,168 bp, and N50 of 1,009,271 bp (Table 2). This genome had the
smallest difference according to the genome size estimated by GenomeScope?2 (difference
of 1,852,775 bp) and presented the best completeness index through the BUSCO analysis.
The assembled genome presented 99.1% of the orthologous genes searched, of which 96.7%
are single copies, 2.4% are duplicated, and 0.1% are fragmented. Finally, only 0.8% of the
genes were not found (Table 3).
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Figure 1. Overview of the newly assembled genome of Trametes villosa CCMB561. (a) Assembly
workflow proposed as the best approach for genome assembly. (b) Summary evaluation of the genome
assembled through MaSuRCa-Purge_Dups workflow and the reference genome of Trametes villosa
deposited in the NCBI database (GCA_002964805.1). (c) BUSCO completeness assessment of the new
genome and the reference of Trametes villosa previously deposited in the NCBI (GCA_002964805.1).
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Table 2. Summary statistics for the assembled genomes of Trametes villosa CCMB561 using reads from Illumina HiSeq and Oxford Nanopore MinION.
Assembly .
Short Reads Assembly Oxford Nanopore (MinION) . Hybrid Assembly
. (Ilumina and Oxford Nanopore)
(I1lumina)
Assembly/ MaSuRCa CANU CANU- RACON FLYE SPADES MaSuRCa MaSuRCa-
Software smartdenovo Purge_Dups
Numk(’foolf;)omgs 4026 1836 337 1836 882 12,829 264 143
Number of c_ontigs (>500 bp) 3930 1836 337 1836 881 1940 264 143
Largest contig 470,636 1,594,329 1,660,310 1,605,280 1,891,910 1,207,893 4,772,416 9,749,168
Total length (>500 bp) 58,820,861 63,704,316 42,774,667 63,971,542 49,876,064 65,406,907 62,711,988 46,748,415
GC (%) 59.40 59.36 59.39 59.41 59.35 59.39 59.39 59.45
N50 27,657 103,641 238,816 104,325 204,679 282,055 598,690 1,009,271
L50 503 115 43 114 55 69 21 8
# N’s per 100 kbp 0.00 0.00 0.00 0.00 241 227.07 0.16 0.69




J. Fungi 2022, 8, 142

35

8of21

Table 3. Completeness assessment of Trametes villosa CCMB561 assemblies using BUSCO software.

Complete (%) Single-Copy (%)  Duplicated (%)  Fragmented (%) Missing (%)
CANU 80.7 65.2 155 6.7 12.6
CANU-smartdenovo 76.2 73.8 24 8.6 15.2
FLYE 90.2 85.2 5.0 3.9 59
MaSuRCa (Hybrid) 99.0 64.0 35.0 0.2 0.8
MaSuRCa (Illumina) 97.4 64..3 33.1 0.9 1.7
MaSuRCa-Purge_Dups 99.1 96.7 2.4 0.1 0.8
RACON 88.2 70.0 18.2 4.5 7.3
SPADES 99.1 41.6 57.5 0.2 0.7

The assemblies in which the Purge_Dups software was not used showed a high
degree of gene duplication and/or genome size greater than expected for the Trametes
genus (~44 Mb), except when the CANU-smartdenovo pipeline was used (Tables 2 and 3).
Previous studies have already demonstrated that, in order to facilitate the genome sequenc-
ing and assembly from dikaryotic fungi, dedikaryotization and thus the obtainment of a
monokaryotic isolate is an essential step [27]. Hence, the high rate of gene duplication
and genome size larger than expected may be related to the sequencing of the dikaryotic
mycelium. Nevertheless, the use of Purge_Dups software [43] allowed us to remove dupli-
cations and increase genome contiguity without the need to obtain a monokaryotic isolate,
which is laborious and time-consuming.

A high degree of fragmentation was detected when the genome was assembled using
only Illumina sequencing data (Table 2). Conversely, when only long reads were used, the
genome showed low fragmentation, but smaller completeness (Tables 2 and 3). This result
is due to Illumina HiSeq sequencing generating reads with sizes between 100 and 250 bp,
which leads to greater fragmentation of the genome. On the other hand, the MinION
approach, despite generating long reads, which could exceed 2 Mb, presents a higher error
rate (1D sequencing), which may imply a lower completeness rate [65].

Compared to the preliminary and draft genome of T. villosa CCMB561 deposited at
the NCBI, herein, using the MaSuRCa-Purge_Dups assembly workflow (Figure 1a), we
obtained a much higher-quality genome, with a significant reduction in the number of
contigs (from 10,327 to 143) and improvement in the metrics N50, L50, and size of the
largest contig (Figure 1b). Furthermore, based on the BUSCO analysis (Figure 1c), the newly
assembled genome has better completeness indices and fewer duplicated, fragmented,
and missing genes. Similarly, Maggiori et al. (2021) demonstrated that by using a hybrid
assembly approach (HiSeq + MinlON), it was possible to obtain a greater number of
genomes from metagenomic samples, with longer contigs, more coding sequences, higher
completeness, less contamination, and higher N50 [66].

3.3. Genome Annotation and Gene Ontology (GO) Analysis

The annotation results showed that T. villosa CCMB561 has 14,540 protein-coding genes,
86,516 exons, and 71,976 introns, which correspond to 66% of the genome (Table S1). Each
gene had, on average, six exons and five introns with sizes of 265 bp and 112 bp, respectively,
which agrees with other species of the genus (Table S1). In total, 274 transposable elements
(TEs) were identified in the CCMB561 isolate, corresponding to 7.13% of the genome. The
number of transport RNA (tRNAs) identified was 334.

According to gene ontology (GO) analysis, 8169 proteins of T. villosa CCMB561 were
associated with GO terms, corresponding to 56.18% of the predicted sequences. Func-
tionally annotated proteins were classified into three categories: (i) molecular function,
(ii) cellular component, and (iii) biological process (Figure 2). In the “cellular component”
category (Figure 2c), most proteins were associated with the terms “integral component of
membrane” (2395), “nucleus” (638), and “cytoplasm” (319), which are terms related to the
cell anatomy.
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Figure 2. Gene Ontology (GO) functional annotation of Trametes villosa CCMB561 proteins. (a) Num-
ber of hits (GO terms) associated with the predicted proteins by GO categories (Biological process,
Cellular component, and Molecular function), in which one protein can be associated with multiple
GO terms. (b—d) The 20 most assigned terms per category in the GO enrichment analysis.

In the categories “biological processes” (Figure 2b) and “molecular function”
(Figure 2d), terms related to the degradation of lignocellulosic biomass, such as “carbohy-
drate metabolic process” (GO:0005975), “hydrolase activity” (GO:0016787) “oxidoreductase
activity” (GO:0016491), and “heme-binding” (GO:0020037) are among the most representa-
tive. This is an expected result since species from the genus Trametes act in the degradation
of the main components of lignocellulosic biomass through the production and secretion
of a large set of hydrolytic and oxidative enzymes [7,9,12,67]. Additionally, 205 proteins
associated with “transmembrane transporter activity” (GO:0022857) have been identified
(Figure 2d). This term could indicate enzymes that are secreted and have extracellular
activity, such as lignocellulose-degrading enzymes [6].

In the genome of the CCMB561 strain, 147 cytochrome P450 (CYP) genes and one
NADPH-cytochrome P450 reductase (CPR) gene were identified. Similar results were found
by Sun et al. (2018), who identified in T. versicolor the presence of only one NADPH gene-
cytochrome P450 reductase and multiple sequences belonging to genes of the cytochrome
P450 family [68]. These genes are widely known for their importance in the degradation of
lignin and organic pollutants (aromatic and xenobiotic compounds) [68]. Genes from the
CYP family also play a role in the metabolism and adaptation of fungi to specific ecological
niches [6,69]. Complementarily, Liu et al. (2019) described that the fungus Trametes trogii
S0301 has 158 CYPs that may be related to a variety of metabolic functions [6].
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3.4. Annotation of Secondary Metabolite Gene Clusters (SMGCs) and CAZymes of Trametes
Villosa CCMB561

3.4.1. Secondary Metabolite Gene Clusters (SMGCs)

Fungi possess many gene clusters responsible for producing Secondary Metabolites
(SMs), which have important ecological functions [70]. SMs are not essential for the normal
growth of the organism but may act as defense compounds (e.g., against fungi and bacteria)
and signaling molecules, being fundamental for ecological interactions and survival [71].
Because of their bioactive pharmacological properties, these molecules have been widely
studied and tested in the healthcare industries to be used as antibiotics, antifungals, anti-
inflammatory, and anticancer agents [71,72].

In T. villosa CCMB561, we identified 22 SM biosynthesis clusters, which comprise
one non-ribosomal peptide synthetase (NRPS) cluster, one NRPS-like /betalactone clus-
ter, three Type I Polyketide synthase (T1PKS) clusters, six NRPS-like clusters, and eleven
Terpene clusters (Figure 3a and Supplementary Data S2). The NRPS-type cluster (Region
33.1/scf7180000000809) was identified with 100% of similarity with the basidioferrin com-
pound cluster from Gelatoporia subvermispora (BGC0001527.1) (Polyporales, Basidiomycota).
Basidioferrin is widely distributed in basidiomycetes and is part of the siderophore syn-
thetases family, which are enzymes responsible for the biosynthesis of siderophores and
iron metabolism [73]. Previous studies have reported that in most bacteria and fungi
(pathogenic and non-pathogenic), the acquisition of high-affinity iron is mediated by
siderophore-dependent pathways [74].

a) NRPS-like, betalactone (1) b)

L NRPS(1) PL(‘T‘) SLBM(3)

426 genes

CAZymes

Figure 3. Annotation of Secondary metabolite gene clusters (SMGCs) and Carbohydrate-Active
enzymes (CAZymes). (a) SMGCs identified in the genome of Trametes villosa CCMB561. (b) CAZymes
identified in the genome of Trametes villosa CCMB561.

Most of the secondary metabolites biosynthesis clusters identified in T. villosa CCMB561
were assigned to the terpene type (11 clusters) (Figure 3a). Terpenoids have multiple bi-
ological activities and comprise sesquiterpenoids, diterpenoids, and triterpenoids. Their
activities in inducing the apoptosis of human tumor cells, antibacterial, antimetastasis,
and anti-HIV activity have already been demonstrated [72]. Using the MIBiG database
(Minimum Information about a Biosynthetic Gene cluster), whole or partial genes of some
known terpene clusters were identified. Our results showed that fragments of the clusters
squalestatin S1 from Aspergillus sp. (BGC0001839.1), geosmin from Streptomyces coelicolor
(BGC0001181.1), and koraiol from Fusarium fujikuroi (BGC0001642.1) were identified in the
CCMB561 genome.

It is important to highlight that most clusters (21 clusters), despite being classified
according to the type, had no similarity in the MIBiG database with the biosynthesis cluster
of known compounds. Therefore, the CCMB561 isolate has the potential to produce a
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variety of secondary metabolites; however, these metabolites have not yet been identified
or reported in the literature.

3.4.2. CAZome Annotation

The CAZome annotation results demonstrated that T. villosa CCMB561 possesses
426 genes encoding CAZymes, comprising 218 glycoside hydrolases (GH), 20 carbohydrate
esterases (CE), 78 glycosyltransferases (GT), 14 polysaccharide lyases (PL), 4 Carbohydrate-
binding modules (CBM), and 92 auxiliary activity enzymes (AA) (Figure 3b and Supple-
mentary Data S3). Among the families that act in the depolymerization of lignocellulose,
glycoside hydrolases (GHs) include glycosidases with activity in the hydrolysis of glycosidic
bonds between two or more carbohydrates [14,15]. Carbohydrate esterases (CEs) act by re-
moving ester-based modifications in polysaccharides, facilitating the action of GHs [14,15].
Polysaccharide Lyases (PLs) cleave glycosidic bonds from uronic acid-containing polysac-
charides (e.g., pectin) [14,15]. Finally, the auxiliary activity families (AAs) include oxidative
enzymes that act mainly in the depolymerization of lignin, helping the enzymes from GH,
CE, and PL classes to gain access to carbohydrates from the plant cell wall [75].

The Carbohydrate-binding module (CBM) domain was detected in 33 genes encoding
enzymes belonging to classes AA, GH, and CE (Supplementary Data S3). Most of the CBM
domains (18 in total) found in the annotated genes belong to the Carbohydrate-binding
module family 1 (CBM1) and were found in enzyme-encoding genes acting in the cellulose
(AA9, GH3, GH5_5, GH6, and GH131 families) and hemicellulose breakdown (CE1, CE15,
GH5_7, GH10, and GH74 families). CBM domains promote an enzyme association with the
substrate and increase enzymatic hydrolysis and degradation of polysaccharides [76,77]. In
addition, four dye-decolorizing peroxidases (DyPs) with the potential to oxidize lignin-like
compounds and other phenolic polymers were identified in the genome of the isolate
T. villosa CCMB561 [10].

Similar results of our CAZome annotation have been reported for the species T. ver-
sicolor, which has 424 genes encoding Carbohydrate-Active enzymes (CAZymes) [18].
T. versicolor is closely related to T. villosa and is one of the most common and widespread
species of white-rot and basidiomata-forming fungi, showing great potential to act in
lignocellulose breakdown [7,18].

3.5. Comparative Genomics and Phylogenomics of the Genus Trametes

The Maximum Likelihood phylogenetic matrix (RaxML) included 11 sequences with
798,158 amino acids from 1346 concatenate proteins of each genome. From these amino
acids, 146,797 had distinct patterns, 152,144 were parsimoniously informative, 128,942 were
parsimoniously non-informative, and 517,072 were constant characters. According to the
tree topology (Figure 4a), T. villosa, T. versicolor, and T. pubescens were grouped in the
same clade with a 100% bootstrap while the monophyletic clade formed by T. coccinea,
T. sanguinea, and T. cinnabarina is the most phylogenetically distant from Trametes villosa
CCMB561. These clustering patterns have already been reported in a previous phylogenetic
reconstruction of Polyporales fungi, based on LSU and ITS ribosomal DNA markers [78].
In the Complex network analysis (Figure 4b), as well as in the phylogenomic analysis,
T. villosa, T. versicolor, and T. pubescens were grouped together, suggesting these species
have similar structural genomic characteristics, reinforcing the phylogenetic proximity.
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Figure 4. Comparative genomics results overview. (a) Maximum-likelihood phylogenomic tree
constructed using the newly assembled genome of Trametes villosa CCMB561 (marked with *) and
nine available genomes from the Trametes genus. Bootstrap values are expressed in percentage and
the features of each genome are shown beside the phylogeny. (b) Network plot created using a matrix
containing the values of genome size, number of genes, TE coverage, GC content, and number of
tRNA of each genome. (c) Correlation analysis among the main metrics of the genome (statistically
significant correlations are represented with *).

The fungal genome size can be impacted by different factors and is directly related to
the fungal lifestyle, as well as adaptive and ecological needs [79-81]. Therefore, herein we
evaluated the genome size of Trametes spp. and features that may impact the genome length,
such as the number of genes, number and coverage of TEs, number of tRNAs, and GC
content. Among the species analyzed, the genome sizes ranged from 32.758 Mb (T. coccinen)
to 46.748 Mb (T. villosa CCMB561), and the number of genes from 10,725 (T. elegans) to
14,540 (T. villosa CCMB561) (Figure 4a). The average genome length for Basidiomycetes
is 46.48 Mb, ranging from 9.82 (Wallemia sebi) to 130.65 Mb (Dendrothele bispora) [79]. The
genomes of the Trametes spp. evaluated in this study had sizes within this range, and
T. villosa CCMB561 was the species with a genome size closest to the mean described to the
phylum Basidiomycota. This species also presented the highest number of genes, followed
by the closely related T. versicolor and T. pubescens.

The coverage of TEs in the genomes ranged from 2.22% (T. coccinea) to 10.61% (T. hir-
suta) (Figure 4a). Most of the classified TEs were LTR retrotransposons (long terminal
repeats) belonging to Copia and/or Gypsy types (Table 4). Moreover, retrotransposons
SINEs and LINEs, as well as DNA transposons and Helitrons were also identified. TEs can
act in the modulation of genomes, through recombination and transposition, which can
lead to chromosomal rearrangements and alter gene expression [80]. In Basidiomycota, the
genome content corresponding to TEs can vary from 0.1 to 45.2% (average around 11%)
and, usually, most of the TEs are LTR retrotransposons (Gypsy and Copia) [82]. A possible
reason for the high copy number of TEs class I in Basidiomycota, including the studied
species, is its transposition mechanism, which uses an intermediate RNA, resulting in the
increased proliferative success of the TEs [82].
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Table 4. Transposable elements (TE) identified in the Trametes species.

Retroelements
ID Fungo Total No. TE CZ“’:;EO/O SINES LINES LTR Elements ngg;:ons Helitron Unclassified
Ty1/Copia Gypsy/DIRS1

Trametes cinnabarina 252 8.57 0 144 337 450 390 0 3079
Trametes coccinea 104 222 0 0 119 137 0 0 1187
Trametes elegans 129 4.50 0 0 210 451 14 0 1841
Trametes hirsuta 191 10.61 0 73 264 387 65 42 1949
Trametes ljubarskyi 172 3.67 0 0 317 263 89 0 2219
Trametes polyzona 349 6.41 0 113 416 912 105 69 5043
Trametes pubescens 303 5.82 19 106 107 160 258 30 3385
Trametes sanguinea 191 7.73 0 41 184 328 32 0 1855
Trametes versicolor 234 4.6 0 50 38 144 11 94 4165

Trametes villosa 274 7.13 17 97 186 503 74 70 4437
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The GC content had no significant variation among the analyzed species and ranged
from 55.7% (T. cinnabarina) to 59.5% (T. villosa) (Figure 4a). On the other hand, the number
of tRNAs varied from 270 (T. versicolor) to 396 (T. polyzona), with a difference of more than
100 tRNAs among the species in this genus (Figure 4a). Transfer RNAs play a central role in
protein biosynthesis and are involved in many biological functions in eukaryotic organisms,
such as in the regulation of gene expression [83]. Therefore, this difference/expansion in
the number of tRNAs could be related to specific evolutionary mechanisms and the lifestyle
of each species [84].

Genome size and the number of genes were the only features that had a positive and
statistically significant correlation (p < 0.05) in the genomes of Trametes spp. (Figure 4c).
Interestingly, TE coverage was not significantly correlated with genome size. Similar
results were described by Castanera et al. (2017), who described for some genera of
the Agaricomycotina subphylum, including Trametes species, a high correlation between
genome size and gene content while the correlation between the number of TEs and genome
size was unclear [82].

Overall, all the analyzed Trametes genomes displayed variability in relation to the
analyzed features, with no clear pattern concerning the genome size, number of genes,
number and coverage of TEs, and number of tRNAs. This variability may be related to the
environment, selective pressures, and ecological and evolutionary factors to which each
species is subjected to [84].

3.6. Potential for Lignocellulose Breakdown by Trametes spp.

Exploring the presence, abundance, and composition of oxidoreductases and carbohy-
drate-active enzymes (CAZymes) in wood-decay fungi provides important information
on its nutritional preferences and adaptations, the metabolic pathways used, as well as
the expansion and evolution of gene families related to lignocellulose breakdown. This
information is important for an understanding of fungal biology and further application in
the biotechnology industry. In this study, ten genomes of different Trametes species were
evaluated for the presence of 40 gene families encoding enzymes that act in the breakdown
of lignin, hemicellulose, cellulose, and pectin (Figure 5).

The lignin degradation is mainly performed by white-rot fungi and involves a se-
ries of enzymes classified as an Auxiliary Activity family (AA) [7,10,27,85]. In Trametes
spp- genomes, many AAs were identified and have a central role in lignin modification
(Figure 5a). The studied genomes harbor from 7 to 9 AAl-encoding genes, and in T. villosa,
eight genes were recognized as AA1 (Figure 5a). The AA1 family encompasses multicopper
oxidases (Laccases) that act directly on a wide range of aromatic and phenolic compounds,
such as lignin [75,85,86]. These enzymes do not require cofactors for their activity, so they
are of great interest for industrial applications [86].

The greatest number of lignin-modifying enzymes encoding genes was identified in
families AA2 (9-25 genes) and AA3 (14-30 genes) (Figure 5a). The AA2 family includes
Lignin Peroxidase (LiP), Manganese Peroxidase (MnP), and Versatile Peroxidase (VP).
These enzymes are classified as class II peroxidases (PODs), since they use hydrogen
peroxide (H,O,) as a cofactor for lignin breakdown [7,75,85,86]. The results displayed
in Figure 5a also demonstrated an expansion in the number of AA2-encoding genes in
T. villosa (25 copies), T. hirsuta (18 copies), T. pubescens (20 copies), T. ljubarskyi (16 copies),
T. polyzona (17 copies), and T. versicolor (22 copies). This result could indicate a possible
metabolic adaptation of these species to initially use lignin as the main carbon source for
their growth. It is worth noting that T. villosa was the species with the largest number of
AA2-encoding genes.
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Figure 5. CAZyme-encoding genes involved in the degradation of lignocellulosic biomass. (a) Num-
ber of auxiliary redox enzyme-encoding genes. (b) Number of hemicellulose-degrading enzyme-
encoding genes. (c) Number of cellulose breakdown enzyme-encoding genes. (d) Number of
pectin-degrading enzyme-encoding genes.

In the metabolic pathway of lignin degradation, enzymes belonging to the AA3
and AAS families play a fundamental role in the generation of H,O, and activation of
PODs [75,86]. AAS3 are flavoproteins containing a flavin-adenine dinucleotide (FAD)-
binding domain and are generally recognized as glucose-methanol-choline (GMC) oxi-
doreductases, which include Pyranose 2-oxidase, Alcohol oxidase, Glucose 1-oxidase, and
Aryl-alcohol oxidase [75,86]. In our analyses, AA3 was the family with the highest number
of identified genes, ranging from 14 to 30 copies per species. Additionally, T. villosa was the
species with the highest number of AA3-encoding genes, possessing 30 copies.

The AAS5 family is composed of copper radical oxidases and includes two described
subfamilies: AA5_1 (glyoxal oxidase) and AA5_2 (galactose oxidases) [75,86]. The Trametes
spp. genomes harbor 6 to 9 AA5-encoding genes, and in T. villosa, seven AA5 genes were
identified. One AA6-encoding gene was conserved in all Trametes species. This enzymatic
family includes 1,4-benzoquinone reductases, which are responsible for the intracellular
cleavage of aromatic compounds and for the protection of fungal cells from reactive quinone
compounds [75].

Regarding the families of hydrolytic enzymes with activity in the depolymerization of
hemicellulose, CE16 (acetylesterases—six to eight copies), GH10 (endo-1,4-3-xylanases—
five to six copies), and GH31 (alpha/beta-glucosidases/ x-xylosidases—five to nine copies)
were the families with the highest number of genes (Figure 5b). Carbohydrate Esterase fam-
ily 16 (acetylesterase activity) plays a fundamental role in the deacetylation of hemicellulose
units, allowing the activity of glycoside hydrolases [77]. The GH10 family includes endoxy-
lanases (endo-f3-1,4-endoxylanases) that act on the degradation of linear chains of (3-1,4-
linked D-xylose residues [3,18,77]. The CAZy family GH31 mainly includes enzymes with
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a-glucosidase activity [77]. Besides, other xylanases and xyloglucanases belonging to the
families GH5_7 (3-1,4-endoxylanases/ 3-1,4-endoglucanases), GH51 (3-1,4-endoxylanases),
GH43 (3-xylosidase), GH35 (-galactosidases), and GH74 (endoglucanases) were also
identified in the analyzed genomes (Figure 5b).

Xylan-type hemicellulose can also be degraded through the action of oxidative en-
zymes belonging to the AA14 family, which include copper-dependent lytic polysaccharide
monooxygenases (LPMOs) [87]. In the evaluated Trametes spp. genomes, three to four genes
encoding lytic xylan monooxygenase were identified (Figure 5a). Different families were
annotated in the analyzed genomes responsible for the degradation of hemicellulose side
chains, such as GH2 ([3-galactosidases), GH27 (x-galactosidase), GH95 (x-L-fucosidase),
GH115 (xylan «-1,2-glucuronidase), CE1 (acetyl xylan esterase, EC 3.1.1.72), and CE15
(glucuronoyl esterase) (Figure 5b) [77].

Cellulose is a linear polymer formed by residues of D-glucose linked by (3-1,4-glycosidic
bonds. This is the most abundant and the least complex polysaccharide of the plant cell wall
and is degraded by three classes of enzymes, 3-1,4-endoglucanases, cellobiohydrolases, and
B-glucosidases [3,18,77]. Figure 5c exhibits the families of enzymes related to cellulose hy-
drolysis. The GH3 family (3-glycosidases) had the highest number of genes, ranging from
7 to 10 copies per genome. In general, families of (3-1,4-endoglucanases (families GH5_5,
GH5_22, GH9, GH12, GH45, GH131), exoglucanases/ cellobiohydrolases (families GH6 and
GH?), and -glucosidases (GH1 and GH3 families) were identified in all fungi. The genes
encoding the GH9 and GH45 families were absent in T. [jubarskyi. Likewise, in T. pubescens
and T. versicolor, the GH45 gene family was not found (Figure 5c). Finally, 15 to 19 AA9-
encoding genes (LPMOs) were identified in the Trametes spp. genomes (Figure 5a). AA9
genes are classified as copper-dependent lytic polysaccharide monooxygenases (LPMOs)
that act in the oxidative depolymerization of crystalline cellulose [75].

Figure 5d displays the genes encoding enzymes with activity in pectin degradation.
As evidenced, the GH28 family, which includes part of the glycosidic hydrolases, espe-
cially endo- and exo-polygalacturonases and endo- and exo-rhamnogalacturonases, had
the largest number of genes, ranging from 5 to 11 copies per genome. Moreover, other
enzymatic families were observed to be involved in pectin hydrolysis, but in a smaller
proportion, such as GH78 (two to three genes), GH88 (one gene), GH105 (one to two genes),
and GH53 (one gene), which include x-rhamnosidases, unsaturated glucuronyl hydrolases,
unsaturated rhamnogalacturone hydrolases, and (3-endogalactanases, respectively. In all
genomes, pectinmethylesterases (CE8) were identified, and in most of them, enzymes
belonging to the CE12 family (pectin acetylesterase) were not found. Finally, it was ob-
served that all Trametes spp. genomes contain one gene encoding PL4 (rhamnogalacturonan
endolyase), except for T. polyzona, which has three genes encoding this enzymatic family.

From the exploratory analysis of CAZymes, a set of genes encoding cellulases, hemi-
cellulases, pectinases, and lignin-modifying enzymes were identified in the genomes of
the Trametes species. These enzymes act synergistically, contributing to the breakdown of
all polymers that make up the plant cell wall [3,7,18,27,77]. Among the analyzed genomes,
T. villosa CCMB561 was the species with the highest number of genes encoding lignin-
modifying enzymes (91 genes) and pectinases (21 genes) and the second with the highest
number of genes encoding cellulases (31 genes) and hemicellulases (45 genes). It is also
worth mentioning that T. villosa CCMB561 harbors all 40 searched genes related to the
lignocellulose breakdown. Therefore, this isolate has great potential to be applied in the
bioconversion of lignocellulosic biomass in the industry.

4. Conclusions

In this study, we demonstrated that through the hybrid assembly using short (Illu-
mina HiSeq) and long reads (Oxford Nanopore MinlON), and the assembly workflow
MaSuRCA-Purge_dups, a high-quality genome for the isolate T. villosa CCMB561 was
obtained. The contiguity and completeness of the genome assembled and presented in
this study significantly increased when compared to the preliminary and draft version of
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this isolate previously sequenced using only short reads (Illumina HiSeq). The accurate
annotation of the new genome, the comparative genomic analyses, associated with the
functional annotation of the CAZymes-encoding genes demonstrated the genetic potential
of the isolate T. villosa CCMB561 to act in the degradation of all components of lignocellu-
lose. Among the analyzed genomes, T. villosa was the species with the highest number of
genes encoding lignin-modifying enzymes. Lignin is the most recalcitrant polymer of the
plant cell wall and, thus, its removal is considered the most limiting step for the conversion
of lignocellulosic biomass. Taken together, data generated in this study provide support for
future studies using genomics, transcriptomics, and proteomics tools. Still, they contribute
to the understanding of the complex mechanisms involved in the expression, regulation,
and evolution of genes and proteins associated with lignocellulose breakdown.
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4.1.1 Material suplementar capitulo I

Figure S1: Workflow used for the genome sequencing and assembly of Trametes villosa CCMB561.
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Figure S2: Gene and protein annotation pipeline used for all Trametes species.
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Data S1: GenomeScope results for the Trametes villosa CCMB561.
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GenomeScope version 2.0
input file = user_ uploads/3ZGtdEQ9yidRAYrvKddc
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Table S1: Gene annotation statistics generated by GAG software for all genomes from the Trametes genus analyzed in our study.
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Trametes Trametes  Trametes  Trametes  Trametes  Trametes  Trametes Trametes Trametes  Trametes
villosa versicolor pubescens  polyzona elegans hirsuta ljubarskyi cinnabarina sanguinea  coccinea
Number of genes 14,540 14,172 14,153 12,203 10,725 11,490 10,821 11,069 13,143 11,900
Number of exons 86,516 85,492 80,744 68,461 64,521 68,379 66,939 68,002 79,285 70,306
Number of introns 71,976 71,317 66,588 56,257 53,796 56,888 56,118 56,932 66,142 58,406
Mean gene length 2,121 2,092 1,903 1,779 1,933 2,018 2,003 1,971 1,934 1,920
Mean exon length 265 253 257 246 247 261 248 245 239 249
Mean intron length 112 115 95 88 91 96 92 93 99 94
Mean CDS length 1,572 1,514 1,455 1,379 1,487 1,551 1,535 1,504 1,443 1,469
% of genome covered 66,0 66,2 67,8 59,3 62,7 61,9 63,7 64,8 69,5 69,7
by genes
% of genome covered 48.9 479 51,8 459 48,2 47,6 48,8 49,5 51,8 53,4
by CDS
Mean exons per 6 6 6 6 6 6 6 6 6 6
mRNA
Mean introns per 5 5 5 5 5 5 5 5 5 5

mRNA




Data S2: Annotation of Secondary metabolite gene clusters (SMGCs) of Trametes villosa CCMB561.
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4.2 CAPITULO II: Pure lignin induces overexpression of cytochrome P450
(CYP) encoding genes and brings insights into the lignocellulose

depolymerization by Trametes villosa.
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Highlights:

o Trametes villosa CCMB561 has the ability to grow in lignin as the sole carbon
source;

e Lignin and sugarcane bagasse induce the expression and secretion of ligninolytic
enzymes in Trametes villosa CCMB561;

e Pure lignin induces significant alterations in the global gene expression of
Trametes villosa CCMB561;

e Cytochrome P450 was up-regulated in lignin medium and probably plays essential
role in lignin breakdown;

e Specific clusters of CAZymes-encoding genes were up-regulated according to the
carbon source.

ABSTRACT

Trametes villosa is a remarkable white-rot fungus (WRF) with potential to be applied in
lignocellulose conversion to obtain chemical compounds and biofuels. Lignocellulose

breakdown by WRF is carried out through the secretion of oxidative and hydrolytic
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enzymes. Despite the existing knowledge about this process, the complete molecular
mechanisms involved in the regulation of this metabolic system have not yet been
elucidated. Therefore, in order to understand the genes and metabolic pathways regulated
during lignocellulose degradation, the strain 7. villosa CCMB561 was cultured in media
with different carbon sources (lignin, sugarcane bagasse, and malt extract). Subsequently,
biochemical assays and differential gene expression analysis by qPCR and high-
throughput RNA sequencing were carried out. Our results revealed the ability of 7. villosa
CCMB561 to grow on lignin (AL medium) as the unique carbon source. An
overexpression of Cytochrome P450 was detected in this medium, which is associated
with lignin O-demethylation pathway. Clusters of up-regulated CAZymes-encoding
genes were identified in lignin and sugarcane bagasse, revealing that T villosa CCMB561
acts simultaneously in the depolymerization of lignin, cellulose, hemicellulose, and
pectin. Furthermore, genes encoding nitroreductases and homogentisate-1,2-dioxygenase
that act in the degradation of organic pollutants were up-regulated in the lignin medium.
Altogether, these findings provide new insights into the mechanisms of lignocellulose
degradation by 7. villosa and confirmed the ability of this fungal species to be applied in

biorefineries and in the bioremediation of organic pollutants.

Keywords: Lignocellulose; CAZymes; transcriptomics; white-rot fungi, renewable

energy; sustainability.

1 — Introduction

The lignocellulosic biomass (LB), one of the main sources of carbon and energy
on Earth, has increased as a potential raw-material to obtain biofuels, biochemicals, and
biomaterials [1-3]. LB is also a promising input for replacing non-renewable fossil fuels
(coal, oil, and natural gas) and reducing greenhouse gas emissions [4]. The estimated
annual world production of lignocellulosic wastes is 181.5 billion tons; however, only a
small portion of that amount (8.2 billion tons) is annually used [5,6]. Lignocellulose is
mainly composed of cellulose (40-50%), hemicellulose (25-30%) and lignin (15-25%);
and the proportion of each biopolymer vary according to the plant species [7].

Cellulose is a natural and linear carbohydrate composed of D-glucose residues
linked by B-1,4-glycosidic bonds [7-9]. Hemicellulose is chemically characterized as a

branched heteropolymer composed of pentoses (D-xylose and D-arabinose) and/or
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hexoses (D-mannose, D-glucose and D-galactose). This polymer is often acetylated and
their branches composed of L-arabinose, D-xylose, D-galactose, uronic acid, ferulic acid,
and fucose monomers [7-9]. Lignin is a phenolic polymer composed of three
phenylpropane units called monolignols, p-coumaryl, coniferyl, and sinapyl alcohols,
linked by C-C, ester, and ether bonds [10]. This is the most recalcitrant and external
compound of the plant cell wall, and is associated with cellulose and hemicellulose
through hydrogen and covalent bonds, forming a heterogeneous structure [7,8,11,12].

The depolymerization of lignocellulosic biomass results in a plethora of
marketable chemicals, such as biobased ethanol, biomethane, lactic acid, succinic acid,
xylitol, sorbitol, phenols, vanillin, vanillic acid, among others, which have high-value for
different economic sectors, such as in food, biofuels and pharmaceutical industries
[3,13,14]. Nevertheless, the main challenge for lignocellulose to be widely used is the
depolymerization of the highly recalcitrant lignin, which limits the saccharification of
cellulose and hemicellulose to monomeric compounds (e.g., glucose and xylose)
[3,7,13,15,16].

A select group of organisms known as wood-decay fungi has the potential to
efficiently convert recalcitrant lignocellulosic biomass into monomers through the
production of oxidative and hydrolytic enzymes [8,16—18]. Wood-decay fungi play a
central role in carbon cycling in forest ecosystems and are mainly classified as white-rot
or brown-rot fungi, depending on the type of degradation carried out [8,17,19].

Brown-rot fungi (BRF) depolymerize preferentially cellulose and hemicellulose,
while the lignin fraction is modified only to some extent [17,20]. White-rot fungi (WRF)
have the ability to breakdown all wood constituents simultaneous or selectively, with
some species showing both degradation patterns [17,21]. WRF are considered the most
effective lignocellulosic degraders due to their ability to depolymerize a large amount of
lignin to CO; and H2O, facilitating the access of cellulases and hemicellulases to the
carbohydrates of plant cell wall [20].

White-rot fungi degrade lignin by secreting oxidative enzymes that are classified
as oxidases and peroxidases, which belong to auxiliary activity oxidoreductases families
(AA) [22]. Oxidases include laccases (AAl family), and peroxidases include H>O»-
dependent enzymes (AA2): Lignin Peroxidase (LiP), Manganese Peroxidase (MnP), and
Versatile Peroxidase (VP). Cellulose is degraded by enzymes belonging to the glycoside
hydrolases (GH) and AA families; hemicelluloses by enzymes belonging to the AA,
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carbohydrate esterases (CE), and GH families; and pectin by CE, GH, and pectate lyases
(PL) families [9,22-24]. These enzyme families are classified according to the CAZy
database (Carbohydrate Active Enzymes database) and besides acting in the degradation
of biomass, they can also be applied to the bioremediation of organic pollutants and
xenobiotics without producing toxic byproducts [23-25].

Trametes villosa is a WRF, and prior studies have demonstrated its amazing
potential to effectively act in the degradation of lignin. Silva et al., (2014) [26]
demonstrated that crude enzymatic extract produced from the isolate 7. villosa CCMB561
can efficiently act in the delignification of agro-industrial residues. This activity was
related to the high capacity of the fungi to produce Manganese Peroxidase (MnP), which
was reached by optimizing the cultivation conditions. Similarly, Carneiro et al. [27]
showed that 7. villosa CCMB561 is able to produce Lignin Peroxidase (LiP) and
Manganese Peroxidase (MnP) in culture media containing sugarcane bagasse as carbon
source. Studies with other T. villosa isolates also demonstrated the potential of this fungal
species to produce peroxidases and cellulases [28-30].

Recently, the complete genome of 7. villosa CCMB561 was sequenced using the
high-throughput sequencing platforms Illumina HiSeq and Oxford Nanopore MinlON
(hybrid assembly strategy) [31]. The obtained high-quality genome revealed an arsenal
of genes encoding peroxidases, cellulases, hemicellulases, and pectinases that act
synergistically in the degradation of all lignocellulose polymers. Furthermore, the
comparative genomic analyses showed that 7. villosa CCMB561 was the species with the
highest number of genes encoding lignin-modifying enzymes when compared to other
species of the same genus [31].

Therefore, to deeply understand the gene expression profile and metabolic
pathways related to lignocellulose degradation in 7. villosa CCMB561 we cultivated it in
pure lignin, sugarcane bagasse, and malt extract. Subsequently, we performed
biochemical assays, relative expression analysis by qPCR, transcriptome sequencing,
differential gene expression analysis (DGE) and co-expression networks analysis. Taking
together, the results described here will contribute to the improvement of enzyme
production and use of agro-industrial residues for the production of chemical compounds

and biofuels.
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2 — Material and methods

2.1 — Evaluation of Trametes villosa CCMB561 growth and ligninolytic enzymes
production

The isolate 7. villosa CCMB561 was cultivated in six culture media containing
different concentrations of alkali lignin (Sigma-Aldrich, St. Louis, Missouri, USA) with
or without supplementation (Table 1). The capacity to produce ligninolytic enzymes was
evaluated using the Remazol Brilliant Blue R dye (RBBR, Sigma-Aldrich, St. Louis,
Missouri, USA), which was added to all media at final concentration of 0.02%. The lignin
concentration was determined based on the amount of lignin present in sugarcane bagasse,
according to Carneiro et al. [27]. The media were transferred to 90 x 15 mm Petri dishes
and the fungal isolate inoculated and incubated at 28 + 2°C for seven days. All the
experiments were carried out with six replicates per culture medium (36 experiments in
total), and the discoloration halo was measured on the third, fifth, and seventh days of
incubation. Statistical analyses were performed using GraphPad Prism version 7.0
(GraphPad Software, San Diego, California, USA) applying analysis of variance
(ANOVA) followed by the post-test of Bonferroni.

Table 1 — Different culture media compositions used to evaluate 7. villosa CCMB561
growth capacity and ligninolytic enzymes production.

Culture media Composition

AL20 2.4 g of agar, 0.48 g of alkali lignin and 120 mL of distilled water.

AL30 2.4 g of agar, 0.72 g of alkali lignin and 120 mL of distilled water.

ALG20 2.4 g of agar, 0.48 g of alkali lignin, 0.6 g of glucose and 120 mL of distilled water.

ALG30 2.4 g of agar, 0.72 g of alkali lignin, 0.6 g of glucose and 120 mL of distilled water.

ALSM 2.4 g of agar, 0.48 g of alkali lignin, 3.048 g of manganese sulfate and 120 mL of distilled
water.

ALSA 2.4 g of agar, 0.48 g of alkali lignin, 0.6 g of ammonium sulfate and 120 mL of distilled water

2.2 — Trametes villosa CCMB561 growth conditions for enzymatic quantification,

relative expression analysis by qPCR and transcriptome sequencing

The isolate 7. villosa CCMB561 was inoculated into 50 mL Erlenmeyers flasks
containing the following liquid culture media: AL (0.12 g of alkali lignin and 30 mL of
water), BG (0.6 g of sugarcane bagasse and 30 mL of water) and MEA (0.015 of yeast
extract, 0.06 g of malt extract and 30 mL of water). The AL media was selected based on

the results obtained from the previously described experiment (section 2.1). The BG
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media was used as a model condition, since agro-industrial residues are a cheap and
available source of lignocellulose to be used on an industrial scale, and MEA, a widely
used media for fungal growth, worked as a control condition, since it is a non-inducing
substrate. After fungal inoculation, the Erlenmeyers were incubated without rotation at
28 £ 2 °C. All experiments were performed with five replicates per culture media.
Biochemical assays, quantitative PCR, and transcriptome sequencing were carried
out on the seventh day of growth. This choice was based on the findings of Miyauchi et
al. [32] who described that common molecular functions of the fungus Pycnoporus
coccineus (Current name: Trametes coccinea) were triggered in the initial phase of
growth (day 3) while specific responses to the lignocellulosic substrates were identified

at a later stage (day 7).

2.3 — Manganese Peroxidase and Laccase quantifications

On the seventh day of cultivation, an aliquot of 10 mL from the culture media
(AL, BG, and MEA) was removed from each erlenmeyer flask and transferred to
microtubes of 2 mL. The tubes were centrifuged at 15,300 g for 2 min at 4° C and the
supernatant used to quantify the enzymes. The Laccase (Lac) activity was determined
according to the method described by D’Agostini et al. using the 2,2’-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS-1 mmol. 1-1, CigH24NeO¢Ss, Sigma-
Aldrich®) as substrate [33]. The Manganese Peroxidase (MnP) activity was determined
through the oxidation of phenol red in the presence of hydrogen peroxide, following the
method described by Kuwahara et al. [34]. Absorbances of 420 nm and 610 nm were used
to evaluate the activity of Lac and MnP, respectively. The production of both enzymes
was expressed in U/L applying the equation U/L = AAbs x 10%/ € x R x t, according to
Almeida De Menezes et al. [35]. The statistical analyses were carried out using the
software GraphPad Prism version 7.0 (GraphPad Software, San Diego, California, USA)
applying analysis of variance (ANOVA) followed by Tukey’s post-test.

2.4 — RNA extraction

On the seventh day of cultivation, the fungal mycelium was separated from the
culture medium, transferred to 2 mL microtubes and macerated using zirconium beads in
FastPrep (MP Biomedicals, Santa Ana, California, USA). Total RNA was extracted using
the Fastzol reagent (Quatro G, Porto Alegre, Rio Grande do Sul, Brazil) according to the
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manufacturer’s recommendations. RNA samples were qualitatively analyzed by agarose
gel electrophoresis 1%, and quantitatively by spectrophotometry Nanodrop 1000 ND
(Thermo Scientific, Waltham, Massachusetts, USA) and automated capillary
electrophoresis TapeStation System (Agilent Technologies, Santa Clara, California,

USA).

2.5 — Relative expression of genes encoding ligninolytic enzymes by real time
quantitative PCR (qPCR)

2.5.1 Primers design and synthesis

Specific primers (Table 2) for the amplification of Lacase (Lac), Lignin
peroxidase (LiP), Manganese peroxidase (MnP) and Actin (actinl) were designed based
on the genome and functional annotations of 7. villosa CCMB561 [31]. The Geneious®
software version 9.0.5 (Auckland, New Zealand) and the OligoAnalyzer™ tool
(https://www.idtdna.com/) were used to design and analyze the primers, respectively.
Primers were synthesized by the Integrated DNA Technologies (IDT, Coralville, lowa,
USA) and tested by conventional PCR and qPCR.

Table 2 — Primers used to evaluate gene expression of Laccase (Lac), Lignin Peroxidase

(LiP) and Manganese Peroxidase (MnP) enzymes.

Primer ID Sequence 5°- 3’
Lac F 5’- ACCCCTTCCAYYTGCACGGB -3’
Lac R 5’- ATGTGGCAGTGGAGGAACCA -3’
LiP F 5’- TTCCACACBCCCGACCAGATC -3’
LiP R 5’- SGAAGAACTGCGTGTCCCAV -3’
MnP F 5’- TTCGACACSCAGTTCTTCAT -3’
MnP R 5’- TTGACSAAVGACTGCCACTCGC -3’
actinl_F (constitutive gene) 5’- ACAACTCGATCTACAAGTGC -3’
actinl R (constitutive gene) 5’- CGACGATCTTGACCTTCATA- 3’

2.5.2 Quantitative Polymerase Chain Reaction (qPCR)

RNA samples were treated with Dnase I enzyme (New England BioLabs, Ipswich,
Massachusetts, USA) and the complementary DNA (cDNA) synthesized using the iScript
cDNA Synthesis Kit (Bio-Rad, Hercules, California, USA). Quantitative PCR (qPCR)
was performed using the SsoAdvanced Universal SYBR Green Supermix kit (Bio-Rad,
Hercules, California, USA) and the primers described in Table 2. The PCR reaction was
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carried out in the Applied Biosystems 7900HT Fast Real Time PCR System equipment
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) with the following
amplification cycles: 50°C for 2 minutes, 95°C for 10 minutes and 40 cycles of 95°C for
15 seconds and 60° C for 1 minute, followed by a dissociation stage for recording the
melting curve. For each growth condition, quantitative PCR was performed for five

biological and two technical replicates.

2.5.3 Relative gene expression quantification and statistical analyses

The relative expression of the target genes was analyzed by the 242t method
using the housekeeping gene encoding actin (actinl) as endogenous reference. Statistical
analyses of gene expression were performed using the GraphPad Prism software version
7.00 (GraphPad Software, San Diego, California, USA) applying the analysis of variance
(ANOVA) and the Tukey post-test.

2.6 — RNA library preparation and transcriptome sequencing

The library preparation was carried out using 1 pg of total RNA from each sample
(section 2.4). Initially, the NEBNext Poly(A) mRNA Magnetic Isolation Module kit (New
England BioLabs) was used for messenger RNA (mRNA) selection (enrichment) and
ribosomal RNA (rRNA) depletion. Non-strand-specific library construction was
performed using the NEBNext Ultra™ IT RNA Library Prep Kit for Illumina and the
NEBNext Multiplex Oligos for Illumina. Single-end sequencing was performed on the
NextSeq 500 Sequencing System platform. A total of nine libraries were sequenced,
corresponding to the growth of the isolate 7. villosa CCMB561 in the three different
culture media (AL, BG, and MEA) in triplicate.

2.7 — Transcriptome analyses

The raw reads quality was assessed wusing the FastQC software
(https://github.com/s-andrews/FastQC). The BBDuk tool was used to remove the
adapters and trimming bases with Phred score < 20
(https://sourceforge.net/projects/bbmap/). The trimmed reads were mapped to the genome
of T. villosa CCMB561 to verify the percentage of reads mapped using the Bowtie2
software [36]. Differential gene expression (DGE) analysis was performed according to

the protocol described by Yalamanchili et al. [37]. Briefly, reads were mapped to the
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reference genome using the Tophat2 software [38] with the support of the Bowtie2
program. Subsequently, the HTSeq script was used to quantify the number of reads
mapped to each gene [39]. The genes with counts less than ten were excluded, and the
differential expression analysis was performed in the R software using the DESeq2
package for normalization, differential analysis of the high-dimensional count data, and
visualization. The abundance of transcripts was also obtained using transcript expression
levels as TPM (Transcript per Million) using the Kallisto software [40], since this metric
normalizes the sequencing data by both gene length and sequencing depth, which
improves the comparison between samples [41]. Co-expression networks were built using
the R package WGCNA [42,43] and the count matrices (from each sample) generated
with the HTSeq python script. The CAZymes encoding genes differentially expressed
had their predicted proteins analyzed using WoLF PSORT and SignalP 6.0 software for

subcellular location prediction and signal peptide identification, respectively [44,45].

3 — Results and Discussion
3.1 — Growth conditions analysis of Trametes villosa CCMB561

The RBBR discoloration test confirmed that 7. villosa CCMB561 is able to grow
in culture media containing only lignin as carbon source and to produce ligninolytic
enzymes (AL20 and AL30) (Figure la and 1b). Studies with Trametes versicolor, a
species phylogenetically close to 7. villosa [31], demonstrated its ability to grow in
medium with lignin as unique source of energy [46]. Nevertheless, a basal medium
containing different nutrients, such as magnesium sulfate, ammonium nitrate,
dipotassium hydrogen phosphate was used for supplementation. Herein, the AL20 and
AL30 media had only distilled water and lignin (Table 1).

The discoloration halo measurement results revealed that lignin media supplemented
with glucose (ALG20 and ALG30) and ammonium sulfate (ALSA) did not increase the
fungal growth and size of the discoloration halo, when compared with media containing
only lignin (AL20 and AL30). Still, medium supplemented with manganese sulfate
(ALSM) inhibited the fungal growth and production of ligninolytic enzymes, which can
be observed by the reduced halo of discoloration throughout the days (Figure 1a and 1b).

The supplementation of culture media with chemical compounds to stimulate fungal

growth and enzyme activity is still a controversial issue, with some species requiring
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supplementation and others not [28,47,48]. Yamanaka et al. reported that the initial Mn?*
concentration did not induce the production and activity of the MnP enzyme, nor
stimulate the activity of laccase in T. villosa CCB176 [28].

Therefore, these results suggested that the AL20 medium, which contain the lowest
amount of lignin and no supplementation, induced the production of ligninolytic enzymes
equal or better than the other conditions. This is a promising result, since lignin is the
most recalcitrant biopolymer of the plant cell wall, and consequently, the main limiting
factor for the wide use of plant biomass and lignin valorization [16,49]. Furthermore, the
ability to growth on lignin without supplementation decreases the costs for ligninolytic
enzymes production and reveals the potential of this isolate to grow in plant biomass

residues.

3.2 — Quantification of Lac and MnP

From the screening performed by the RBBR dye discoloration assay (section 3.1),
the AL20 culture medium was selected as the most suitable condition to investigate the
production of ligninolytic enzymes. In addition, with the aim to evaluate the fungus
response to other carbon sources, culture media composed of sugarcane bagasse (BG) and
malt extract (MEA) were included in the analyses. Sugarcane bagasse is a largely
available and cheap agro-industrial residue in Brazil. Furthermore, previous studies have
demonstrated the ability of the isolate 7. villosa CCMB561 to grow on this substrate
[26,27]. The malt extract is a non-inducing medium since it is mainly constituted by easily
metabolized sugars.

The medium containing only lignin (AL20) did not induce the production of
laccase (Lac) at detectable levels until the seventh day of growth (Figure 1c). The highest
production of Lac was observed in the BG medium (average of 141 U/L), followed by
MEA (average of 106 U/L) (Figure 1c). A statistical difference in Lac production between
BG and MEA conditions was observed (p < 0.05). The highest production of MnP was
observed in the BG culture medium (average of 8 U/L), followed by AL20 (average of 7
U/L), with no statistical difference between these conditions (Figure 1c). In MEA, a
smaller amount of enzyme was produced (5.7 U/L), which differed statistically (p < 0.05)
from the amounts produced in AL and BG (Figure 1C). The MnP production in BG is
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supported by previous studies that detected this enzyme in culture media containing
lignocellulosic substrates as carbon source [26,27].

Our results revealed the medium containing only lignin (AL) induced the MnP
production; however, inhibited the secretion of Lac (Figure 1c). Previous studies with
Trametes togrii, showed that supplementation of culture medium with lignocellulose
(1%) increases the production of B-glucosidase, endoglucanase (EG), cellulase, xylanase,
LiP, and MnP [50]. In contrast, the supplementation with glucose (1%) decreases the
activity of these enzymes and increases the activity of laccase [50]. Thus, the absence of
Lac in AL media may be related to the of lack of glucose, which is present in BG and

MEA media.

3.3 — Relative gene expression analysis by qPCR
The dissociation curves of the target genes (Actinl, Lac, LiP and MnP) had
homogeneous melting temperature for all the samples amplified (Supplementary figure
1), demonstrating that qPCR reactions were specific and without primer-dimer.

The relative expression of LiP-encoding gene by 7. villosa CCMB561 was
significantly increased (p < 0.05) when the fungus was cultivated in AL medium (Figure
1d). Regarding MnP encoding gene, there was an approximately 9-fold increase in the
relative expression in AL and BG media, compared to MEA. Laccase gene expression
was statistically increased in sugarcane bagasse and no significant difference was
observed between AL and MEA (Figure 1d).

The results of relative expression by gqPCR applying the 2-44¢t

method showed higher
expression of LiP and MnP in the AL condition (Figure 1d). In BG, higher expression of
MnP and Lac encoding genes were observed. This result corroborates those obtained in
the biochemical assays for MnP and Lac production, reinforcing the capacity of 7. villosa
CCMBS561 to grown and produce ligninolytic enzymes in pure lignin and sugarcane
bagasse. Besides, these results suggest that specific metabolic responses can be triggered

according to the carbon source.
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Figure 1 — Biochemical assays and relative gene expression analysis of ligninolytic
enzymes of Trametes villosa CCMB561. a) RBBR dye discoloration halo on days 3, 5
and 7. b) Diameter of the discoloration halo in RBBR dye. Different letters (a, b, and c)
indicate statistically significant difference (p<<0.05) between groups, symbols (* and **)
indicate a statistically significant difference between the days. ¢) Production of Laccase
(Lac) and Manganese Peroxidase (MnP) enzymes by 7. villosa CCMB561 in AL, BG and
MEA media. d) Relative expression quantification of Lignin Peroxidase (LiP), MnP, and
Lac encoding genes by 7. villosa CCMB561 in AL, BG and MEA. Letters in the graphs
from ¢ and d indicate a statistically significant difference in enzymes production and gene

relative expression among the culture media on the seventh day of growth.



68

3.4 — Transcriptome sequencing data and overall gene expression analysis

The RNA samples from 7. villosa CCMB561 cultivated in AL, BG, and MEA
were initially evaluated based on the total RNA capillary electrophoresis gel (TapeStation
System). All samples, except for one AL replicate, showed the three characteristic bands
corresponding to the 5.8S, 18S, and 28S ribosomal regions (Supplementary Figure 2).
The presence of these bands confirms the RNA integrity. Samples for RNA-seq were
selected based on quantification by Nanodrop (minimum of 1 pg per sample) and stability
of the Cycle Threshold of the actin-encoding gene (CT < 16).

For high-quality differential gene expression (DGE) analysis using the Illumina
platform, 10-30 million reads per sample are required [51]. Herein, the trimmed libraries
had a total number of reads ranging from 36,609,047 to 43,947,185 (Table 3). An
important parameter for assessing the overall accuracy of RNA sequencing is the rate of
reads mapped to the reference genome or transcriptome. For the human genome, a
mapping ratio of 70 to 90% is expected [52]. In this study, the sequences mapping rate in
the reference genome of 7. villosa CCMB561 ranged from 84.8 to 88.1% (Table 3).

In order to visualize the transcriptomes clustering from the different culture
conditions tested, Principal Component Analysis (PCA) and correlation heatmap plots
were generated (Figure 2a and 2b). The heatmap exhibited that the triplicates of each
condition tested (AL, BG, and MEA) grouped together (white color) and differed from
the other conditions. In the color scale, the bluer, the greater the difference in the
expression profile among the samples (Figure 2a). The PCA graph corroborates the
results depicted in the heatmap, showing that the triplicates of each condition differed less
among them when compared with other coming from a different cultivation media (Figure
2b). It was also observed that the transcriptomes of the fungus cultivated in AL showed
greater variation (PC1 with 60% of variation) than the transcriptomes from BG and MEA
(PC2 with 22% of variation) (Figure 2b).

The MA-plot is a scatterplot of log2 fold change values (y-axis) versus the average
of normalized counts (x-axis) (Figure 2¢ and 2d). From the analysis of this plot, it was
possible to globally evaluate the differentially expressed genes in all analyzed samples.
Figure 2c shows the MA-plot of the transcriptome of 7. villosa CCMBS561 cultivated in
AL versus MEA media. In red, all genes differentially expressed considering an adjusted
P-value < 0.01 are highlighted. Comparing AL and MEA, 2283 genes were up-regulated
(17%) and 2260 genes were down-regulated (17%). Comparing BG versus MEA (Figure
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2d), 1426 genes were up-regulated (11%) and 1401 down-regulated (11%). The most
differentially expressed genes among the media tested had no assigned function and were

named uncharacterized protein (Figure 2c and 2d).

Table 3 — Trametes villosa CCMB561 transcriptomes sequencing and mapping statistics

from each culture condition tested.

Libraries Number of reads Mapping ratio (%)
ALl (RF1) 41,686,793 84.9
AL2 (RF2) 40,526,137 88.1
AL3 (RF4) 43,947,185 86.1
BGI (RF7) 38,570,847 84.8
BG2 (RF8) 36,609,047 85.2
BG3 (RF9) 43,335,879 84.8
MEAI1 (RF12) 41,096,239 86.1
MEA2 (RF13) 40,709,103 85.6

MEA3 (RF14) 41,498,105 86
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3.5 — Differential gene expression (DGE) and co-expression network analyses

Comparing the transcriptomes of 7. villosa CCMB561 sequenced in AL and MEA
media (Figure 3a), 19 up-regulated genes were detected in AL. Among these, genes
encoding Homogentisate 1,2-dioxygenase (n=1), Nitroreductase (n=2), Cytochrome
P450 (n=3), Salicylate hydroxylase (n=1), Pirin (n=1), Inorganic phosphate transporter
(n=1) and Heat shock protein (n=1). The Cytochrome P450 (CYP450) encoding gene
(GENE 5632) had the highest value of log2 fold change (9.02), TPM (2886.41) and
number of counts (192,208 reads). Two other genes encoding CYP450 (GENE 202 and
13169) are among the most differentially expressed (up-regulated) in AL medium (Figure
3b and 3c).

The weighted correlation network analysis (WGCNA) applying a minimum
correlation of 0.8 generated a co-expression network only when the AL and MEA
conditions were compared. The obtained network displays 38 genes and 68 connections
(Figure 4). The Cytochrome P450-encoding gene (GENE 5632) showed the highest
number of interactions and was co-expressed with 36 genes. The second gene with the
highest number of interactions was the Nitroreductase encoding gene (GENE 6498).

Cytochrome P450 is a family of monooxygenases involved in secondary
metabolite biosynthetic pathways, fungal adaptation, ecological roles, and organic matter
decomposition [53-56]. Regarding lignin breakdown, for this polymer be oxidatively
cleaved into ring-opened compounds, it must first be O-demethylated to diols. [53].
Cytochrome P450 are enzymes already reported catalyzing the O-demethylation reaction
and also acting in the degradation of organic pollutants and xenobiotics [49,54—57]. Thus,
the CYP450 encoding genes significantly expressed in the AL medium, may together be
acting in the O-demethylation of lignin and formation of central intermediate compounds.
This is an important and limiting step in lignin catabolism and to obtain bioproducts
[49,56].

Nitroreductases are enzymes acting in the mineralization of nitroaromatic
compounds, and can be used in the degradation of organic pollutants, such as 2,4,6-
trinitrotoluene (TNT), which is a highly explosive compound used in the manufacture of
bombs [57,58]. Nitroreductases are available for the degradation of nitroaromatics even
under nitrogen-limited conditions [58]. In AL culture media, two genes encoding

Nitroreductases (GENE 6498 and 864) are among the most differentially expressed (up-
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regulated) (Figure 3), and the gene 6498 was connected to other 22 genes in the co-
expression network analysis (Figure 4).

Interestingly, the genes encoding both, CYP450 and Nitroreductase (GENE 6498) are
being co-expressed with an RNA polymerase II transcription factor B (GENE 12516),
which is a component of the initiation complex for RNA polymerase II and mRNA
transcription [59]. The CYP450 (GENE 5632) is still co-expressed with a DNA helicase
encoding gene (GENE 4528), which acts opening the DNA double strand and in the
maintenance of nuclear and mitochondrial DNA (Figure 4) [60].

One homogentisate 1,2-dioxygenase (HGT) encoding gene is also among the most
expressed in AL medium (up-regulated) (Figure 3). HGT was up-regulated in
Phanerochaete chrysosporium in the presence of vanillin, one of the main intermediates
found during lignin depolymerization [61,62]. Another study demonstrated that
Exophiala lecanii-corni expressed homogentisate-1,2-dioxygenase in a culture medium
containing ethylbenzene as carbon source (volatile organic compounds, VOCs) [63].
Thus, the high-expression of HGT in 7. villosa CCMB561 may be an indication that the
isolate is acting in the lignin depolymerization and forming bioproducts, such as vanillin.

In AL medium, two genes encoding Heat-shock proteins (HSPs, GENE 8034 and
11244) were co-expressed with CYP450 and nitroreductases genes (GENE 5632 and
6498) (Figure 4). The 8046 gene, which encodes an HSP, is among the 20 most
significantly expressed genes in AL (Figure 3). Heat-Shock proteins play a key role in
the physiological regulation of fungi in biotic and/or abiotic stress. HSPs are also involved
in different biological functions such as transcription, translation, and post-translational
modifications [64].

In BG medium, genes-encoding Lactamase B domain-containg protein (n=1),
Olipeptide transporter 1 (n=1), Lignin Peroxidase (n=1), Aspartic proteinase (n=1) and
Cysteine proteinase (n=1) are among the most differentially expressed (up-regulated)
(Figure 5). The gene encoding one beta-lactamase had the highest log2fold change value
(5.65) (Figure 5b). Interestingly, among the differentially expressed genes, 11 were
down-regulated in BG medium, such as the Catalase and Pyranose 2-oxidase (P20) that
presented a log2fold change value of -7.73 and -3.21, respectively. They displayed
significantly higher TPM values and number of counts in the MEA culture medium
(Figure 5b and 5c). P20 acts on the oxidation of carbohydrates such as D-glucose to

generate 2-keto-sugars and H,O» [22,65]. Catalase acts on the decomposition of H>O», a
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compound that, in excess, may be responsible for the inactivation of Pyranose-2-oxidase
[66]. Furthermore, one lignin peroxidase encoding gene (LiP) was identified among the
most significantly expressed genes in BG (Figure 5). LiPs are H>O>-dependent
peroxidases that act in the oxidation of phenolic aromatic compounds [22]. The other
genes differentially expressed in this condition are part of the normal fungi metabolism

and are not directly related with biomass depolymerization.
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Figure 3 — Genes differentially expressed comparing AL x MEA culture media

considering the adjusted P-value < 0.01. a) Heatmap based on the normalized count data

(log2 scale/rlogTransformation) considering the amount in which each gene deviates in a

specific sample from the average of the gene in all samples. b) Table containing the value

of log2fold change and Transcripts Per Million (TPM) for genes that had an assigned

function based on the GoFeat and blastp analyses using the NCBI and Uniprot databases.

c) Graphs of absolute count number of the differentially expressed genes. The average

number of reads mapped in each gene is highlighted with an asterisk.
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Figure 5 — Genes differentially expressed comparing BG x MEA culture media

considering the adjusted P-value < 0.01. a) Heatmap based on the normalized count data

(log2 scale/rlogTransformation) considering the amount in which each gene deviates in a

specific sample from the average of the gene in all samples. B) Table containing the value

of log2fold change and Transcripts Per Million (TPM) for the genes that had an assigned

function based on the GoFeat and blastp analyses using the NCBI and Uniprot databases.

C) Graphs of absolute count number of the differentially expressed genes. The average

number of reads mapped in each gene is highlighted with an asterisk.
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3.7 — Expression of genes encoding Carbohydrate-Active enzymes

Based on the study of Tomé et al. [31], 186 genes encoding Carbohydrate-Active
enzymes were selected from the genome of 7. villosa CCMB561, and their expression in
the different carbon sources (AL, BG, and MEA) evaluated. Figure 6 shows the
differential expression heatmaps of the CAZymes-encoding genes as mentioned.

In pure lignin (AL), genes encoding enzymes that act in the depolymerization of
lignin (Glyoxal oxidase, Laccase, Lignin Peroxidase, and Manganese Peroxidase),
cellulose (B-1,4-endoglucanases and Exoglucanases), hemicellulose (Endo-1,4-f-
xylanases) and pectin (Endo-polygalacturonase) had its expression significantly increased
(Table 4) and formed a cluster of 15 genes (Figure 6a). Among them, ten act on lignin
depolymerization, and of these, five are LiP-encoding genes. Fourteen (14) genes
displayed signal peptide and were identified as extracellular protein-coding ones. Two
genes, one encoding for the endo-1,4-B-xylanases and other encoding for exoglucanases
(GHO6), exhibited the CBM1 domain (Table 4). Although the AL medium does not contain
cellulose, hemicellulose and pectin, it induced the expression of genes that act in the
degradation of all lignocellulose polymers.

In the BG and MEA media, the CAZymes-encoding genes had more
homogeneous expression compared to the AL versus MEA media. In BG medium, a
cluster of nine genes had statistically increased expression (adjusted P-value < 0.01)
(Figure 6b). Among these, genes encoding proteins that act in the degradation of all
lignocellulose constituents (Table 5), such as, LiP, MnP, Lytic polysaccharide
monooxygenases, Alcohol oxidase, B-1,4-endoglucanases, B-glucosidases and Endo-
polygalacturonase were identified. Seven genes displayed signal peptide and were
classified as coding for extracellular proteins. In this cluster, the CBM domain was not
identified.

In lignin, the results revealed that the fungus 7. villosa CCMB561 simultaneously
and differentially expressed genes encoding for enzymes that act in the depolymerization
of all lignocellulose polymers (Table 4). Five genes encoding LiP were significantly
increased in AL medium and two in BG (Table 4 and 5). This finding corroborates those
obtained in the analysis of relative expression by qPCR, which demonstrated that the
highest LiP expression was achieved in the AL medium. Interestingly, two genes
encoding MnP had increased expression in both, AL and BG media, a result that also

corroborates the qPCR data.
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In the AL medium (Table 4), one Glyoxal oxidase encoding gene (AAS 2)
exhibited significantly increased expression. This enzyme plays a central role in the
generation of H»O; [22,67]. In BG (Table 5), the gene with significantly increased
expression was the Alcohol oxidase encoding gene (AA3), which is also responsible for
hydrogen peroxide generation and activation of peroxidases (LiP, MnP and VP) [22].

Regarding hemicellulose degradation in AL medium (Table 4), one gene encoding
Endo-1,4-B-xylanase (G10) had significantly increased expression. Endo-f-1,4-
endoxylanases act on the degradation of linear chains of B-1,4-linked D-xylose residues
[7,9]. In addition, the CMB1 domain was identified in this gene, which promotes the
association of enzymes with the substrate and increases the enzymatic hydrolysis and
degradation of polysaccharides [9,68]. In BG, a gene coding for Lytic polysaccharide
monooxygenases (LPMOs) displayed increased expression. LPMOs oxidatively degrade
xylan-type hemiceluloses [69]. In AL and BG media (Table 4 and 5), one Endo-
polygalacturonase encoding gene (GH28), that acts on pectin hydrolysis, had its
expression significantly increased in a similar way.

Regarding the cellulose depolymerization, a significantly increased expression of
B-1,4-endoglucanases (GH12) and Exoglucanases (GH6) was identified in pure lignin. In
sugarcane bagasse, a greater expression of f-1,4-endoglucanases and -glucosidases were
detected. B-1,4-endoglucanases act randomly in the internal amorphous region of the
cellulose fiber, generating oligosaccharides. Exoglucanases act on reducing and non-
reducing ends of oligosaccharides and release glucose and/or cellobiose units. Finally, -
glucosidases act by hydrolyzing the bond between the two glucose units of cellobiose,

generating glucose monomers [7-9].
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Figure 6 — Heatmap clustering of the differential expression of 186 genes encoding for
enzymes belonging to the families of Auxiliary Activity oxidoreductases (AA)
Carbohydrate Esterases (CE), Glycosyl Hydrolase (GH), Pectate Lyases (PL) of the
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Table 4 — The more differentially expressed CAZymes-encoding genes (cluster highlighted in red in Figure 6) of Trametes villosa CCMB561
cultivated in AL versus MEA.

GENE I Activity Lol g AL MEA AL MEA Pepide  Subedulr CBM
(mean) (mean) (mean) (mean) (Sec/SPI)

GENE 7246 Lignin Peroxidase (AA2) 5.58 8.72e-06  23.27 0.82 698 15 YES (21/22)  Extracellular NO
GENE 10648 Exoglucanases (GH6) 5.91 2.69e-20 242.26 6.02 11863 197 YES (20/21)  Extracellular CBM1
GENE 5143 Lignin Peroxidase (AA2) 4.43 0.0007 55.73 3.95 2388 110 YES (21/22)  Extracellular NO
GENE 4057 Manganese peroxidase (AA2) 3.28 0.03 224.62 35.20 8704 892 YES (21/22)  Extracellular NO

GENE 882 Lignin Peroxidase (AA2) 4.12 1.36e-10  4.26 0.43 192 11 YES (21/22)  Extracellular NO
GENE 7258 Lignin Peroxidase (AA2) 4.72 1.83e-13  41.62 2.32 1760 67 YES (26/27)  Extracellular NO
GENE 13123 Lignin Peroxidase (AA2) 5.54 9.41e-35 88.08 0.46 590 13 YES (21/22)  Extracellular NO
GENE 13714 Glyoxal oxidase (AAS5_1) 5.29 2.93e-32 5345 2.28 3689 94 YES (18/19)  Extracellular NO
GENE 9985 B-1,4-endoglucanases (GH12) 4.39 7.58e-17  39.69 3.07 1192 57 YES (27/28)  Extracellular NO
GENE 8352 Endo-1,4-B-xylanases (G10) 3.74 1.40e-26  36.82 4.79 1548 115 YES (19/20)  Extracellular CBM1
GENE 13331 Laccase (AA1) 4.07 3.6le-25 4048 3.60 2344 139 NO Cytoplasmic NO
GENE 6618 Manganese peroxidase (AA2) 3.04 1.83e-23  13.86 2.53 509 62 YES (21/22)  Extracellular NO
GENE 3414 Laccase (AAl) 3.51 1.73e-16  329.58 48.50 24375 2130 YES (17/18)  Extracellular NO
GENE 12198 B-1,4-endoglucanases (GH12) 2.85 1.32e-15 161.79 36.94 6591 908 YES (22/23)  Extracellular NO
GENE 8952 Endo-polygalacturonase (GH28) 3.19 1.75e-12  12.76 2.00 534 58 YES (19/20)  Extracellular NO
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Table 5 — CAZymes-encoding genes more differentially expressed (cluster highlighted in red in Figure 6) of Trametes villosa CCMBS561 cultivated
in BG versus MEA.

GENE I Activity Logold L G MEA B MEA  Pepuge  Swedr o CBM
(mean) (mean) (mean) (mean) (Sec/SPI)

GENE 4057 Manganese peroxidase (AA2) 3.25 0.03 352.72 35.20 10388 1088 YES (21/22)  Extracellular NO
GENE 13123 Lignin peroxidase (AA2) 4.92 8.37e-57 18.61 0.46 466 15 YES (21/22)  Extracellular NO
GENE 14059 Manganese peroxidase (AA2) 4.50 2.69e-45 220.60 10.09 7024 310 YES (21/22)  Extracellular NO
GENE 8313 Lytic polysaccharide monooxygenases (AA14) 2.61 1.11e-20 26.26 4.02 527 86 YES (19/20)  Extracellular NO
GENE 11636 Alcohol oxidase (AA3) 2.16 1.08e-08 130.25  29.79 7154 1592 NO Cytoplasmic NO

GENE 907 B-glucosidases (GH1) 3.49 4.97e-45 76.46 7.35 3218 286 NO Cytoplasmic NO
GENE 12452 Lignin peroxidase (AA2) 3.17 5.05e-30 25.79 2.5 2086 231 YES (21/22)  Extracellular NO
GENE 9985 B-1,4-endoglucanases (GH12) 2.75 1.71e-27 21.77 3.07 464 69 YES (27/28)  Extracellular NO

GENE 8952 Endo-polygalacturonase (GH28) 3.15 8.08e-25 20.62 2.00 627 71 YES (19/20)  Extracellular NO
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5 — Conclusions

Our findings demonstrated that Trametes villosa CCMB561 is able to grow using lignin
as the sole carbon and energy source, and such condition induces significative changes in the
overall gene expression when compared to the other culture conditions evaluated. The
overexpression of different genes encoding Cytochrome P450 monooxygenases was
remarkable, demonstrating their putative key role in the O-demethylation of lignin for the
subsequent depolymerization by oxidases (Lac) and peroxidases (LiP and MnP). Genes
encoding nitroreductases and homogentisate-1,2-dioxygenase (HGT), which act in the
detoxification of organic pollutants were also differentially expressed (up-regulated). Lignin
and sugarcane bagasse also induced the expression of a specific cluster of CAZymes encoding
genes, which revealed the ability of 7. villosa CCMBS561 to simultaneously act in the
degradation of all lignocellulose polymers. Finally, our findings contribute for the
comprehension of the complex genetic mechanisms of lignocellulose breakdown by T villosa
CCMBS561. In agreement with other studies, we demonstrate here the great potential of this

fungal strain to be used for the production of enzymes with wide biotechnological applications.
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PCR of the actin (a), lignin peroxidase (b), manganese peroxidase (c) and laccase (d) genes.
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Supplementary Figure 2 — RNA samples analyzed qualitatively by automated capillary

electrophoresis TapeStation System (Agilent Technologies, Santa Clara, California, USA). The

samples selected for transcriptome sequencing are highlighted in red.
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5. DISCUSSAO INTEGRADA

O crescimento populacional associado aos avangos tecnologicos tem aumentado a
demanda energética global, gerando grandes desafios no ambito social, econdmico e ambiental
(LIU, Z. et al., 2022; SOLARTE-TORO et al., 2022). Atualmente, a matriz energética mundial
¢ baseada majoritariamente na utilizacdo de combustiveis fosseis (petréleo, gas natural e
carvio), que sdo fontes de energia nio renovaveis (EMPRESA DE PESQUISA ENERGETICA,
2022). Estas fontes de energia contribuem para a emissdo de gases do efeito estufa e sdo um
grande desafio a sustentabilidade. Neste contexto, hd uma necessidade crescente para o
desenvolvimento de tecnologias voltadas para producdo e utilizagdo de energias renovaveis
(LIU, Z. et al., 2022).

A biomassa lignoceluldsica surgiu como uma alternativa promissora frente aos
combustiveis fosseis, por ser abundante, amplamente disponivel e renovavel (ISIKGOR;
BECER, 2015). A biomassa ¢ composta por polimeros presentes na parede celular vegetal,
principalmente a celulose, hemicelulose e lignina (HOUFANI et al., 2020). Residuos agricolas,
industriais, florestais e solidos urbanos sdo exemplos de biomassa que podem ser amplamente
utilizadas para a obtencdo de biocombustiveis e produtos quimicos (SRIVASTAVA et al.,
2015). Apesar da grande relevancia desses materiais, a despolimerizacdo da lignocelulose
envolve multiplas etapas (pré-tratamento fisico, quimico e/ou bioldgico), o que torna esse
processo um desafio para as biorrefinarias (BILAL et al., 2018; HERNANDEZ-BELTRAN et
al., 2019; HOUFANI et al., 2020).

Pesquisas tem demonstrado que fungos, principalmente os classificados como da
decomposic¢do branca, possuem a capacidade de produzir enzimas hidroliticas e oxidativas que
atuam na despolimerizagao de todos os constituintes da lignocelulose (ANDRIANI et al., 2020;
ESPOSITO; AZEVEDO, 2010; HAGE et al., 2021; LIU, Y. et al., 2019; MIYAUCHI et al.,
2018; SISTA KAMESHWAR; QIN, 2018a). Essas enzimas, além de serem utilizadas na
conversao da biomassa, também podem ser aplicadas na biorremediagao de poluentes organicos
e xenobidticos (BRAZKOVA et al., 2022).

O fungo Trametes villosa CCMBS561 ¢ classificado como um fungo da degradacdo
branca, e pesquisas anteriores ja demonstraram o potencial desse isolado em produzir lignina
peroxidase e manganés peroxidase em substratos lignoceluldésicos (CARNEIRO; LOPES;
SILVA; SANTOS; DE SOUZA; et al., 2017; SILVA et al., 2014). Contudo, até o momento,

nenhuma pesquisa utilizou este fungo para compreender a maquinaria metabodlica envolvida na
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degradacdo de todos os constituintes da biomassa vegetal (celulose, hemicelulose, lignina e
pectina).

Portanto, com objetivo de identificar os genes e vias metabolicas relacionados ao
processo de degradacdo da celulose, hemicelulose, lignina e pectina, realizamos o
sequenciamento, montagem e anotagdo do genoma do isolado 7. villosa CCMB561, e,
posteriormente, foram conduzidos ensaios bioquimicos de quantificagdo enzimatica, e analises
de expressao génica por JPCR e sequenciamento do transcriptoma.

Nossos resultados demonstraram que por meio da montagem hibrida utilizando short
reads (Illumina HiSeq) e long reads (Oxford Nanopore MinlON), foi possivel obter um genoma
de alta qualidade para o isolado 7. villosa CCMBS561. Neste trabalho, utilizando o pipeline de
montagem MaSuRCa-Purge Dups, foi possivel obter um genoma com redug@o no niimero de
contigs (de 10.327 para 143) e melhora significativa das métricas N50, L50 e tamanho do maior
contig, quando comparado com a versao draft do genoma previamente depositada no NCBI
(FERREIRA et al., 2018).

Com base na analise do BUSCO, o genoma montado apresentou melhores indices de
completude e menor numero de genes duplicados, fragmentados e ndo encontrados (ausentes).
De forma similar, MAGGIORI et al., 2021 demonstraram que a partir da abordagem de
montagem hibrida (HiSeq + MinlON), foi possivel obter um maior niimero de genomas de
amostras de metagendmica, com contigs mais longos, com melhora significativa da métrica
N50, maior nimero de sequéncias codificantes, maior completude e menor contaminagdo
(MAGGIORI et al., 2021). Desta forma, para genomas de fungos, a abordagem de montagem
hibrida utilizando short e long reads ¢ uma ferramenta promissora para obten¢cdo de genomas
completos e com qualidade.

A anotacdo do genoma obtido neste trabalho, associada as andlises de gendmica
comparativa e anota¢do funcional dos genes que codificam CAZymes demonstraram o
potencial genético do isolado 7. villosa CCMB561 de atuar na degradagdo de todos os
componentes da lignocelulose. Entre os genomas analisados, 7. villosa foi a espécie com maior
numero de genes codificadores de enzimas que atuam na despolimerizacdo da lignina.

Os resultados dos ensaios bioquimicos, expressao relativa por qPCR e sequenciamento
do transcriptoma revelaram que 7. villosa CCMBS561 possui a capacidade de crescer em meio
de cultura contendo apenas lignina como fonte de carbono, sem a necessidade de
suplementa¢do. Este resultado demonstrou que a adigdo de nutrientes no meio de cultura nem
sempre € necessaria para estimular o crescimento e atividade de determinadas enzimas. Por

exemplo, pesquisas com o isolado Trametes villosa CCB176 demonstraram que a concentragao
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inicial de Mn?* ndo influencia no crescimento do fungo e na atividade das enzimas ligninoliticas
(YAMANAKA et al., 2008).

Uma super expressdo de diferentes genes codificadores de citocromo P450 foi
identificada no meio contendo apenas a lignina como fonte de carbono (AL). A expressao desse
gene foi associada ao processo metabolico de O-desmetilagdo da lignina e subsequente
despolimerizagdo por oxidases e peroxidases. Citocromo P450 sdo enzimas que ja foram
descritas catalisando a reacdo de O-desmetilagdo e também atuam na degradagdo de poluentes
organicos e xenobioticos (CHEN et al., 2014; ELLIS et al., 2021; HARMS; SCHLOSSER;
WICK, 2011; KHAN; MURPHY, 2022; MALLINSON et al., 2018).

Genes codificadores de nitroredutases e homogentisato-1,2-dioxigenase também foram
identificados sendo expressos positivamente no meio AL. As nitroredutases atuam na
mineralizagcdo de compostos nitroaromaticos (HARMS; SCHLOSSER; WICK, 2011; RIEBLE;
JOSHI; GOLD, 1994). Homogentisato-1,2-dioxigenase atua no processo de degradagdo de
compostos intermedidrios da despolimerizagdo da lignina (vanilina) e na degradagdo de
compostos organicos volateis (VOCs) (GUNSCH et al., 2005; MORI et al., 2016; SHIMIZU
et al., 2005).

A lignina (meio AL) também induziu a expressdao de um cluster de genes codificadores
de CAZymes, que revelou a capacidade de 7. villosa CCMB561 de atuar simultaneamente na
degradacdo de todos os polimeros da lignocelulose. Esse resultado também foi corroborado
pelo crescimento do fungo no bagago da cana-de-agucar, substrato no qual foram detectados
genes diferencialmente expressos que atuam na degradacdo de todos os compostos da biomassa
vegetal. Estudos prévios ja demonstraram a capacidade de outras espécies do género Trametes
em produzir de forma sequencial enzimas ligninoliticas, celuloliticas e hemiceluloliticas em
substratos lignoceluldsicos (ANDRIANI et al., 2020).

Por fim, os resultados obtidos neste trabalho demonstraram os complexos mecanismos
genéticos de degradagdo da lignocelulose por 7. villosa CCMBS561 e, em concordancia com
outros estudos, revelam o grande potencial deste fungo de ser utilizado na conversdo da
biomassa ligenoceluldsica, e consequentemente, contribuir com o avango na utilizagdo de

tecnologias sustentaveis.
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6. CONCLUSAO

Neste estudo, a montagem do genoma de Trametes villosa CCMB561 por meio da
abordagem hibrida, utilizando o pipeline MaSuRCA-Purge dups, se mostrou uma excelente
opcdo para obtencdo de um genoma com baixa taxa de fragmentacao e duplicagdo génica. As
analises de anotacdo do CAZoma revelaram o potencial genético do isolado CCMB561 de atuar
na despolimerizagdo da lignina, celulose, hemicelulose e pectina.

O cultivo do fungo em diferentes substratos associado as andlises do transcriptoma,
demonstraram que genes codificadores de citocromo P450, nitroredutases, homogentisato 1,2-
dioxigenases e de enzimas ligninoliticas sdo diferencialmente expressos (up-regulated) quando
o fungo ¢ cultivado em meio de cultura contendo a lignina como tnica fonte de carbono. Cluster
de genes codificadores de CAZymes foram up-regulated em lignina e bagaco de cana, e
revelaram que 7. villosa CCMB561 atua na despolimerizagdo simultanea da lignina, celulose,
hemicelulose e pectina.

Por fim, as andlises gendmicas, de quantificacdo bioquimica, expressdo relativa e
transcriptomica, forneceram informagdes relevantes sobre os genes e transcritos relacionados
ao processo de nutricdo do fungo e degradagdo da lignocelulose, sendo estas informagdes
importantes para a melhoria de bioprocessos, obten¢do de produtos a partir da conversao de

residuos lignoceluldsicos e degradacao de poluentes organicos.
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