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RESUMO

Os biocombustiveis sdo hoje uma das principais alternativas a substituicdo dos
combustiveis fosseis. Considerando que o Brasil é o maior produtor de cana-de-acticar, uma das
alternativas propostas € a producdo de etanol a partir do bagaco da cana, denominado etanol de
segunda geracdao (2G). Esta tecnologia, entretanto, ainda apresenta algumas limitagcdes
econdmicas, como o custo elevado dos coquetéis enzimdticos necessdrios a hidrélise da
biomassa lignocelulésica. Neste contexto, espécies do género ascomiceto filamentoso
Trichoderma desempenham um papel importante por produzirem enzimas que degradam a
parede celular vegetal eficientemente, sendo dessa forma, alvos atrativos na industria
biotecnolégica. Tendo como condi¢ao ancestral o micoparasitismo, espécies desse género, tais
como Trichoderma atroviride e Trichoderma harzianum, sdo amplamente utilizadas na
agricultura como agentes de biocontrole. Contudo, estudos demonstraram o potencial de 7.
harzianum em prospectar enzimas hidroliticas associadas a degradacdo do substrato
lignocelulésico. Dessa forma, uma melhor compreensio dos mecanismos genéticos
relacionados ao principal ativador (XYR1) e repressor (CRE1) de celulases e hemicelulases se
faz necessaria em 7. harzianum e, para fins comparativos, na espécie basal 7. atroviride. Diante
deste cendrio, este trabalho teve como objetivo investigar o perfil de expressdo génica
relacionado aos fatores de transcricao (FTs) XYR1 e CRE1 em condi¢do de degradagdo da
celulose em T. harzianum (10C-3844 e CBMAI-0179) e em T. atroviride CBMAI-0020. Para
1sso, redes de co-expressao génica foram modeladas para cada linhagem. Inicialmente, a analise
filogenética indicou que XYR1 e CREI estdo amplamente distribuidos dentre os fungos
ascomicetos e sugeriu um processo de diferenciacdo para 7. atroviride em relacdo a T.
harzianum. A inferéncia das redes separou os transcritos em diversos grupos de acordo com o
perfil de expressdo durante o crescimento em celulose ou em glicose. Portanto, os grupos com
os transcritos xyrl e crel foram identificados. Nestes grupos, transcritos codificando enzimas
ativas em carboidratos (CAZymes), FTs e transportadores de agtcar e fons, bem como proteinas
com funcdo desconhecida, foram co-expressos, porém diferenciando qualitativa e
quantitativamente entre as linhagens. Transcritos centrais (hubs) foram identificados e
incluiram transcritos ainda ndo caracterizados ou ainda n@o descritos como relacionados a
degradacao da celulose. Além disso, vdrias vias metabdlicas desencadeadas nos grupos xyr/ e
crel foram identificadas com enriquecimento correspondente ao micoparasitismo em 7.
atroviride, especialmente associado a CREI. Nossos resultados sugerem diferentes estratégias
utilizadas por Trichoderma spp. relacionadas a XYR1 e CREI durante a degradagdo da

celulose. Também foi observado que os transcritos codificando CAZymes referentes a



degradac@o da celulose e da hemicelulose em 7. harzianum ndo sdo necessariamente co-
expressos com os FTs aqui estudados. Tomados em conjunto, nossas descobertas fornecem
novos insights sobre os transcritos co-expressos com XYRI1 e CRE1 em linhagens de T.
harzianum, os quais podem ser alvo de novos estudos para avaliar seu papel na degradacdo da
lignocelulose e ser explorados para a melhoria de coquetéis enzimaticos. Finalmente, nossos
resultados podem contribuir para o melhor entendimento dos mecanismos genéticos envolvidos
na regulacdo de enzimas hidroliticas, expandindo o potencial do uso de T. harzianum em
diversas aplicacdes industriais.

Palavras-chave: Redes de co-expressdo génica; Fatores de transcri¢do; Trichoderma spp.



ABSTRACT

Biofuels are today one of the main alternatives to the replacement of fossil fuels. Brazil
is the leading producer of sugarcane; thus, a proposed alternative is the production of ethanol
from sugarcane bagasse, known as second-generation ethanol (2G). However, this technology
still has some economic limitations, such as the high cost of enzymatic cocktails necessary for
the hydrolysis of lignocellulosic biomass. In this context, species in the filamentous ascomycete
genus Trichoderma play an important role in producing plant cell wall-degrading enzymes
being an attractive target for the biotechnology industry. Having as an ancestral trait the
mycoparasitism, species of Trichoderma, such as Trichoderma atroviride and Trichoderma
harzianum, are widely used in agriculture as biocontrol agents. Although, studies have
demonstrated the potential of 7. harzianum in producing a set of enzymes acting efficiently in
the saccharification of the lignocellulosic substrate. Thus, a better understanding of genetic
mechanisms related to the main activator (XYR1) and repressor (CREI) of cellulases and
hemicellulases is necessary for 7. harzianum and, for comparative purposes, in the basal species
T. atroviride. In this scenario, this study aimed to investigate the gene expression profile
associated to transcription factors (TFs) XYR1 and CREI1 during cellulose degradation for 7.
harzianum (10C-3844 and CBMAI-0179) and for T. atroviride CBMAI-0020. For this, gene
co-expression networks were modeled for each strain. Initially, phylogenetic analysis indicated
that both regulatory proteins are widely distributed among ascomycete fungi and suggested a
differentiation process for T. atroviride in relation to 7. harzianum. The co-expression network
analyses separated the transcripts into several groups according to the expression profile during
growth in cellulose or glucose. Groups with xyr/ and crel were identified and within them
transcripts encoding carbohydrate-active enzymes (CAZymes), TFs and sugar and ion
transporters, as well as proteins with unknown function, were co-expressed. Although,
qualitatively and quantitatively differences among groups and strains were observed. Core
transcripts from these groups (hubs) were identified, and they included transcripts not yet
characterized or described as related to cellulose degradation. In addition, several metabolic
pathways triggered in xyr/ and crel groups have been identified with an enrichment
corresponding to mycoparasitism in 7. atroviride, especially associated with CRE1. Our results
suggest different strategies used by Trichoderma spp. related to XYRI1 and CREI during
cellulose degradation. In addition, it was observed that the transcripts encoding CAZymes
associated with cellulose and hemicellulose degradation in 7. harzianum are not necessarily co-
expressed with the TFs herein studied. Taken together, our findings provide new insights into

transcripts co-expressed with XYR1 and CRE]1 in 7. harzianum strains, which could be the



target of new studies to evaluate their role in lignocellulose degradation and that can be
exploited for the improvement of enzymatic cocktails. Finally, our results can contribute to a
better understanding of the genetic mechanisms involved in hydrolytic enzyme regulation,
expanding the potential of 7. harzianum in several industrial applications.

Keywords: Gene co-expression networks; Transcription factors; Trichoderma spp.
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1. INTRODUCAO GERAL

Trichoderma é um género de fungo ascomiceto filamentoso capaz de colonizar diversos
substratos em diferentes condi¢des ambientais [1]. Em virtude da versatilidade nutricional
ampla, os microrganismos que compreendem tal género sdo extensivamente explorados em
diferentes contextos biotecnoldgicos. Tendo como condi¢do ancestral o micoparasitismo,
espécies desse género, tais como Trichoderma atroviride e Trichoderma virens, por exemplo,
sdo amplamente utilizadas na agricultura como agentes de biocontrole micoparasitario [2].

Ambos sdo filogeneticamente distantes de Trichoderma reesei [3], o qual possui um
arsenal menor de genes relacionados ao micoparasitismo e ao metabolismo secunddrio [2, 4].
De forma antagdnica, este fungo tem um estilo de vida saprotréfico e € um produtor de enzimas
hidroliticas vastamente utilizadas em coquetéis enziméticos aplicados biotecnologicamente na
desconstru¢dao do material lignoceluldsico [5-7], dentre outras aplicacdes [8].

As espécies citadas sdo filogeneticamente bem definidas [9, 10], em contraste com
Trichoderma harzianum sensu lato, o qual possui um processo de especiacao complexo baseado
na coexisténcia e interagdo de organismos com diferentes historias evolutivas e na auséncia de
fronteiras genéticas estritas entre eles [2, 11]. Embora algumas linhagens sdo exploradas
comercialmente para o controle bioldgico de fungos patogénicos de plantas [12-14], estudos
recentes demonstraram seu papel como potencial produtor de enzimas hidroliticas. Em termos
de aplicacdo industrial, tais enzimas poderiam ser empregadas ao longo do processo de
producao de etanol de segunda geracdo (etanol 2G) [15-20].

As enzimas utilizadas por esses microrganismos para desconstruir a lignocelulose sdao

definidas na literatura internacional como “Carbohydrate-Active Enzymes — CAZymes” [7] e

podem ser encontradas no banco de dados CAZy (http://www.cazy.org/), sendo estas
classificadas em: glicosil hidrolases (GHs), glicosil transferases (GTs), polissacarideo liases
(PLs), carboidrato esterases (CEs), proteinas com atividade auxiliar (AAs) e proteinas com
modulos de ligacdo a carboidrato (CBMs) [21]. Destas, as GHs sdo responsaveis pela hidrélise
e/ou transglicosilacdo de ligacdes glicosidicas, e representam quase metade das enzimas
classificadas no banco [22].

Em T. reesei, a expressdo destas enzimas lignoceluloliticas € induzida por diferentes
moléculas, tais como soforose, celobiose, xilose, xilobiose, xilo-oligossacarideos, arabitol,
galactose e lactose [23, 24] e regulada a nivel transcricional por fatores de transcri¢do (FT's)
especificos. Dentre estes, destacam-se os FT's XYR1 e CREI, que se ligam a regido promotora

dos genes que codificam celulases, hemicelulases, além de outras CAZymes, ativando ou


http://www.cazy.org/
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reprimindo, respectivamente, a expressdo dos mesmos, bem como das vias metabdlicas
necessdrias para metabolizar os mondmeros resultantes [24-28].

Uma das etapas mais onerosas no processo de conversdao de biomassa a etanol 2G € a
hidrdlise enzimadtica [29]; assim sendo, a fim de tornar tal processo vantajoso do ponto de vista
econdmico, a combinacdo de metagendmica, transcriptdmica e protedmica seriam algumas das
abordagens utilizadas para a prospec¢do de novas enzimas a partir de microrganismos, tais
como os fungos [30]. Uma abordagem interessante para explorar a transcriptomica seria a
constru¢do de redes de co-expressdo [31], uma vez que sdo importantes ferramentas para
entender as respostas bioldgicas desencadeadas frente a determinada situagdo, sugerindo quais
transcritos estariam ativos simultaneamente e, portanto, desempenhando uma fun¢do comum
[32, 33].

Recentemente, redes de co-expressdo foram utilizadas pelo nosso grupo a fim de
explorar as proteinas compartilhadas durante o processo de degradacio da biomassa
lignoceluldsica entre T. harzianum 10C-3844, T. atroviride CBMAI-0020 e T. reesei CBMAI-
0711 cultivados nas condi¢des de celulose ou glicose [34]. Na mesma direcdo, Borin e
colaboradores (2018) identificaram em 7. reesei RUT-C30 varias celulases, transportadores de
acucares, FT's e proteinas hipotéticas agrupados em modulos genéticos altamente conectados.
Dentro destes grupos, hubs foram identificados e vérios destes continham pelo menos um local
de ligacdo a XYRI1 na regido promotora [35].

Porém, um dos grandes desafios para entender o mecanismo molecular da degradacdo
da biomassa € como os FTs relacionados a esse sistema agem. Considerando que, em relagao
ao género Trichoderma, as pesquisas sobre a regulacdo génica relacionada as enzimas
hidroliticas t€ém se concentrado em 7. reesei [36-38], a fim de expandir o potencial de
bioprospeccdo de enzimas lignoceluloliticas a partir de fungos filamentosos, uma melhor
compreensdo deste processo em outras espécies de Trichoderma faz se necessaria.

Neste cendrio, este € o primeiro trabalho que investiga de forma comparativa os
mecanismos genéticos desencadeados pelos principais reguladores do processo de degradacdo
da lignocelulose em Trichoderma spp. através da construcdo de redes de co-expressdo gé€nica.
Por meio desta metodologia, foi possivel explorar os genes e as vias metabdlicas subjacentes a
regulacdo transcricional de XYR1 e CRE1 quanto a degradacdo da celulose considerando um
ancestral comum micoparasitario (7. atroviridle CBMAI-0020) e linhagens com potencial
hidrolitico da espécie micoparasita 7. harzianum (I0C-3844 e CBMAI-0179) [34, 39] advindas

de processos de diferenciacdo e adaptacao.
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2. REVISAO BIBLIOGRAFICA

2.1. Etanol de segunda geracao

Estima-se que até 2050 a populagdo mundial serd de nove bilhdes de pessoas [40].
Diante deste cendrio, espera-se um aumento na demanda por matérias-primas e,
consequentemente, nas emissoes de gases do efeito estufa e no uso ndo racional dos recursos
naturais finitos. A possibilidade de esgotamento dessas reservas aliada a crescente demanda
mundial por energia e o alto grau de dependéncia econdmica dos combustiveis fosseis, além
das mudangas climdticas a estes associadas, emergiu o interesse em fontes energéticas
alternativas, dentre elas, os biocombustiveis [41-43].

Diante deste cenério, foi implementado no Brasil o programa Prodlcool, o qual surgiu
frente a necessidade de desenvolver outro combustivel liquido que pudesse substituir a gasolina,
cujo preco estava supervalorizado na década de 1970 [41]. Essa nova politica energética
consolidou o setor sucroenergético brasileiro, rendendo hoje o segundo lugar no ranking dos
maiores produtores de etanol com a producdo de 28% deste biocombustivel no mundo, atrds
apenas dos EUA [44].

De forma breve, para produzir o etanol brasileiro, a cana é colhida, lavada, moida e o
caldo extraido é fermentado por leveduras industriais. Em seguida, o etanol gerado € destilado
e convertido em etanol anidro ou hidratado, que pode ser comercializado, principalmente, como
combustivel ou aditivo para carros [45]. Uma vez que este processo de fabricacdo envolve a
fermentacdo de agucares presentes no caldo de cana, o aumento na produtividade deste
biocombustivel significaria o0 aumento da area de cultivo de cana-de-acucar e, a longo prazo,
poderia conflitar com a producao de commodities alimentares [41, 46, 47].

E vilido ressaltar que o Brasil é o maior produtor mundial de cana [44, 45], cujas safras
correspondem a mais de 620 milhdes de toneladas por ano, com destaque para o estado de S@o
Paulo, o qual produziu 333 milhdes de toneladas na safra 2018/2019, o que corresponde a 53,7%
do total produzido no pais [48, 49]. Dessa forma, levando-se em consideracdao que, em média,
sdo gerados 280 kg de bagacgo através do processamento industrial de 1 tonelada de cana, uma
das alternativas propostas € a produg¢do do etanol utilizando como matéria-prima esse
subproduto, denominado de etanol de segunda geracdo (etanol 2G) [50].

A biomassa proveniente para produzi-lo tem como elemento estrutural a lignocelulose,
a qual é composta por 30-50% de celulose, 20-30% de hemicelulose e 15-25% de lignina
(Figura 1) [51, 52]. Entretanto, estes trés componentes nao sdo distribuidos uniformemente
dentro das paredes celulares, podendo variar de acordo com as espécies, tecidos € maturidade

das células vegetais [51].
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Figura 1. Modelo simplificado da arquitetura da parede celular vegetal e os principais
componentes da lignocelulose. A celulose, principal componente da parede celular vegetal; a
hemicelulose, segundo maior componente; e a lignina formam estruturas chamadas
microfibrilas, as quais sdo organizadas em macrofibrilas e medeiam a estabilidade estrutural na

parede celular da planta [52].

A celulose, principal componente da parede celular vegetal, € um polimero linear
composto por unidades de D-glicose ligadas umas as outras por ligagdes glicosidicas do tipo -
1,4 (Figura 1) [53]. Sua porcdo cristalina, cuja estrutura compactada impede o acesso de
enzimas, bem como de pequenas moléculas, como 4gua e outros solventes, ¢ altamente
resistente a hidrolise [54, 55]. Por outro lado, sua regido amorfa estd exposta de tal forma que
permite a formagdo de pontes de hidrogénio com a agua, sendo hidrolisada mais rapidamente
[56, 57]. Aliada a celulose, tem-se a hemicelulose (Figura 1), o segundo polimero mais
abundante da parede celular vegetal. Trata-se de um heteropolimero altamente ramificado

composto por pentoses (xilose e arabinose), hexoses (manose, glicose e galactose) e por
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acucares 4cidos (4cido glucurdnico, galacturonico e metilgalacturdonico) [58, 59], cuja
composi¢do € varidvel e depende da biomassa em questio [60].

O terceiro componente da lignocelulose é a lignina, um heteropolimero aromatico
complexo altamente resistente a degradac@o quimica e bioldgica. Sua composi¢do consiste em
trés alcoois aromaticos — p-coumaril, coniferil e sinapil — derivados dos aminodcidos tirosina e
fenilalanina. Estes dlcoois sdo polimerizados pela acdo de lacases e peroxidases, dando origem
as trés unidades principais da lignina: p-hidroxifenil (H), guaiacil (G), e siringil (S) (Figura 1)
[61, 62]. Ao contrédrio da degradacdo da celulose e da hemicelulose, as quais liberam agicares
fermentesciveis, a degradacdo da lignina produz compostos fendlicos com diversas aplicacdes
de alto valor agregado [63].

Para a producao do etanol 2G a partir da biomassa lignoceluldsica sdo necessarias quatro
etapas principais: pré-tratamento, sacarificacio, fermentacao e destilagdao [64], como mostrado
abaixo na Figura 2.

A etapa de pré-tratamento reduz a recalcitrincia da parede celular vegetal e permite o
acesso de enzimas hidroliticas e oxidativas aos componentes da lignocelulose. Apds o pré-
tratamento adequado, a celulose e a hemicelulose estdo mais acessiveis a hidrdlise e passam
pela etapa de sacarificagcdo, onde sdo produzidos agucares monoméricos (pentoses e hexoses).
A etapa de hidrdlise pode ser feita quimicamente pela adicdo de H.SO4 ou bioquimicamente
pelo uso de celulases e hemicelulases produzidas por microrganismos [65].

Os acucares liberados sdo entdo fermentados por leveduras industriais na etapa de
fermentagdo, obtendo-se como produto final o etanol 2G [64, 66, 67]. Porém, uma vez que este
pode estar contaminado com polissacarideos ndao convertidos, cinzas e compostos resultantes
da quebra da lignina, além de presente em fracdes de baixo volume, é necessdria a etapa de
destilacdo. Neste processo, o etanol é separado dos outros componentes, 0 que garante a
purificacdo do etanol 2G e o aumento na concentracao deste biocombustivel [68].

Dentre os processos citados, a etapa de hidrélise enzimatica € um dos principais gargalos
para a producao do etanol 2G em virtude do alto custo dos coquetéis enzimaticos e a necessidade
de uma grande quantidade de enzimas para conversdo completa da biomassa em agucares
fermentesciveis, tornando o processo de fabricagdo economicamente inviavel [29]. A fim de
tornar a conversdao da biomassa em etanol 2G vantajosa do ponto de vista econdmico, a
combinacdo de metagenOmica, genOmica, transcriptdmica e protedmica seriam algumas das
abordagens utilizadas para a prospec¢do de novas enzimas a partir de microrganismos, tais

como os fungos (Figura 2) [30].
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Figura 2. Principais etapas para a producio de etanol 2G a partir de biomassa
lignocelulésica da cana. O bagaco de cana deve ser desconstruido com as etapas de pré-
tratamento e hidrdlise enzimatica. Os agucares liberados neste ultimo processo sdo entiao
fermentados por leveduras industriais e, apds a etapa de destilacdo, o etanol 2G é obtido [30].

Ademais, a fim de diminuir os custos de producdo e aumentar a produtividade, as andlises
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“Omica” vém sendo amplamente exploradas ao longo das vdrias etapas de produgdo do etanol
2G.
2.2. Hidrolise enzimatica

A hidrdlise enzimdtica € um processo complexo afetado por muitos fatores. Dentre
estes, podem ser citados os diferentes métodos de pré-tratamento aplicados, os quais podem
resultar em diferencas na composicdo e na estrutura do material lignoceluldsico; portanto,
influenciando significativamente o rendimento de etanol 2G [69]. Além disso, o acesso das
celulases ao polimero da celulose mostrou estar relacionado ao contetido de lignina presente na
parede celular vegetal, afetando consideravelmente a sacarifica¢do enzimadtica [69].

Em virtude da estrutura recalcitrante (Figura 3a), a completa degradag¢do da parede
celular vegetal requer a acdo coordenada de uma ampla gama de enzimas atuando
sinergicamente (Figuras 3b e 3c). Devido a natureza altamente heterogénea da hemicelulose, a
completa hidrdlise desse polimero requer um grupo complexo de enzimas, tais como: endo-1,4-
B-xilanases (EC 3.2.1.8), B-1,4-xilosidases (EC 3.2.1.37), B- mananases (EC 3.2.1.78), a-L-
arabinofuranosidases (EC 3.2.1.55), acetil xilano esterases (EC 3.1.1.72), feruloil esterases (EC
3.1.1.73), a-glucuronidases (EC 3.2.1.-), entre outras [64] (Figura 3b).
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Figura 3. Degradacao da celulose e da hemicelulose por enzimas hidroliticas em 7. reesei.
Em virtude da composicao heterogénea, a hemicelulose é despolimerizada pela acdo sinérgica
de um conjunto varidvel de enzimas permitindo, dessa forma, o acesso das celulases ao polimero
da celulose. A degradacdo enzimatica da celulose tem inicio com a clivagem das regides

amorfas da cadeia pela acdo das endoglucanases (EG), enquanto as exoglucanases CEL6A e
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CELT7A clivam as extremidades ndo redutora e redutora, respectivamente. Posteriormente, as
B-glicosidases (BG) clivam as moléculas de celobiose em glicose, um agicar facilmente
metabolizavel. As AA9 facilitam a acdo das celulases por meio de um mecanismo oxidativo,
enquanto as proteinas suoleninas (SWO) expandem a cadeia celulolitica, tornando-a mais

exposta e suscetivel a acao das celulases [37].

No que diz respeito a degradacdo da celulose, esta envolve a acdo sinérgica de trés
classes de enzimas: endo-B-1,4-glucanases (EG) (EC 3.2.1.4), exoglucanases (CEL6A e
CEL7A) (EC 3.2.1.91; EC 3.2.1.176) e B-glicosidases (BG) (EC 3.2.1.21) [37, 64] (Figura 3c).

As EGs iniciam a degradacdo da celulose clivando randomicamente as ligagcOes
glicosidicas localizadas na regido interna da cadeia de celulose. As CEL6A (CBH2, GH6) e
CEL7A (CBHI1, GH7) atacam progressivamente as extremidades ndo redutora e redutora,
respectivamente, da celulose, as quais foram geradas anteriormente pelas EGs (Figura 3c).
Como produto, as CEL6A e CEL7A liberam oligossacarideos, principalmente celobiose, um
dissacarideo de glicose que inibe a acdo dessas enzimas. Por fim, as BGs hidrolisam a ligacao
glicosidica -1,4 da celobiose, liberando unidades de glicose, o que, consequentemente, diminui
o produto de inibicdo das CEL6A e CEL7A [59, 70] (Figura 3c).

Além do mais, enzimas tipicas celuloliticas provenientes de fungos possuem um
dominio catalitico (CD) e mddulos de ligacdo a carboidratos (CBMs). Estes tltimos t€ém um
papel importante em aproximar os dominios cataliticos ao substrato para potencializar a
atividade enzimatica, facilitando, assim, a hidrélise da celulose [71].

Quanto a degradacdo da lignina, esta ocorre por reacOes oxidativas atribuidas
principalmente ao metabolismo secundario. As principais enzimas envolvidas sdo: lacases (Lac)
(EC 1.10.3.2), peroxidases dependentes de manganés (MnP) (EC 1.11.1.13), peroxidases de
lignina (LiP) (EC 1.11.1.14), peroxidases versiteis (VP) (EC 1.11.1.16) e, mais recentemente,
dye-decolororizing peroxidases (DyP) [70, 72].

Além das enzimas acima descritas, enzimas de fung¢des acessorias e proteinas também
sdo importantes na despolimerizacdo da lignocelulose (Figura 3c). Dentre estas, as
monooxigenases liticas de polissacarideos (LPMOs), tais como AA9, facilitam a acdo das
celulases por meio de um mecanismo oxidativo, enquanto as proteinas suoleninas modificam a
superficie da celulose, tornando-a mais exposta e suscetivel a agcdo de celulases [37].
Recentemente, foi demonstrado que uma proteina dessa classe apresenta um efeito sinérgico

com uma xilanase comercial durante a degradacao de xilano [17].
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2.3. Fungos filamentosos e prospeccao de enzimas hidroliticas

Os fungos estdo entre os sistemas bioldgicos mais bem estudados para degradacdo de
biomassa [73]. Como decompositores, t€m como capacidade inata realizar a conversao eficiente
do material lignocelulésico em agucares facilmente metabolizaveis através da secrecdo de
enzimas que atuam na despolimerizac¢do do substrato recalcitrante [74].

Os fungos filamentosos dos filos Ascomycota (7. reesei, Aspergillus spp., Fusarium
spp., Penicillium spp., Neurospora crassa) e Basidiomycota (Phanerochaete chrysosporium,
Oligoporus (Postia) placenta) sdo de fundamental importincia biotecnoldgica e vém sendo
estudados quanto ao seu potencial celulolitico e na producio de quimicos de alto valor agregado
[75-77].

As enzimas utilizadas por esses microrganismos para desconstruir a lignocelulose sao
agrupadas em coquetéis enzimdticos € devem apresentar as seguintes caracteristicas: alta
estabilidade térmica, tolerincia a residuos do processo de conversdo, atuagdo sinérgica e custo
viavel, propiciando, dessa forma, a aplicacdo das mesmas em escala industrial [64, 78, 79]. As
principais empresas que produzem esses coquetéis com enzimas fungicas incluem Novozymes

(http://www.novozymes.com), DSM (http://www.dsm.com), Roal Oy (http://www.roal.fi), AB

Enzymes (http://www.abenzymes.com) e DuPont (http://www.dupont.com) [28].

Entretanto, esfor¢cos vém sendo realizados para reduzir os custos de producgdo e
aumentar a eficiéncia dos mesmos [1], uma vez que os coquetéis que ja sdo utilizados em escala
industrial ainda ndo sdo capazes de degradar completamente a biomassa vegetal, havendo a
necessidade de explorar novas enzimas e de entender melhor seus mecanismos de acdo [80].

2.4. Trichoderma como produtor de enzimas hidroliticas

Composto por fungos filamentosos amplamente distribuidos na natureza e que podem
ser encontrados em ecossistemas que variam desde a tundra até o tropical, o género
Trichoderma abrange microrganismos cujas caracteristicas principais estdo relacionadas a
ampla capacidade metabdlica e a agressdo competitiva natural, despertando, portanto, grande
interesse biotecnoldgico [1, 81].

Algumas espécies de Trichoderma, por exemplo, sdo utilizadas na biorremediacdo de
ambientes contaminados em virtude da alta tolerdncia de tais microrganismos frente a uma
variedade de poluentes recalcitrantes, incluindo metais pesados, pesticidas e hidrocarbonetos
poliaromdticos [82-85]. Além das espécies altamente benéficas e frequentemente usadas, o
género Trichoderma também inclui patégenos humanos oportunistas, 0s quais representam uma
ameaca séria e muitas vezes letal em pessoas infectadas pelo HIV e em outros pacientes

imunocomprometidos [86, 87]. Ademais, devido a versatilidade nutricional tnica, espécies
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desse género sdo largamente exploradas na agricultura como agentes de controle biol6gico, bem
como na produgio de enzimas para industrias té€xtil, de alimentos e de biocombustiveis. [37,
88-90].

Dentre os fungos do género Trichoderma, T. reesei é o fungo celulolitico e
hemicelulolitico mais bem estudado [5, 91-94]. Conhecido pela alta capacidade de produzir e
secretar celulases e hemicelulases, 7. reesei foi isolado originalmente nas Ilhas Salomao durante
a Segunda Guerra Mundial [95]. A cepa isolada, nomeada como QM6a [96], produz pelo menos
duas celobiohidrolases (CBH1/Cel7A e CBH2/Cel6A), cinco endoglucanases (EG1/Cel7B,
EG2/Cel5A, Cel5B, EG3/Cell2A, EG45/Cel45A), duas B-glicosidases ja caracterizadas
(BG1/Cel3A e BG2/Cell A) e mais cinco preditas (Cel3B, Cel3D, CellB, Cel3C, Cel3E), além
de indmeras hemicelulases [97]. Posteriormente, a linhagem de T. reesei QM6a foi submetida
a uma série de experimentos de mutagénese induzida dando origem a linhagem hipercelulolitica
conhecida como T. reesei RUT-C30, uma das principais cepas industriais destinadas a producao
de enzimas hidroliticas [94].

Enquanto 7. reesei € adaptado a um estilo de vida saprotréfico, T. harzianum e T.
atroviride, por exemplo, sdo descritos como fungos micoparasitdrios e, portanto, utilizados
como agentes de biocontrole contra fungos fitopatogénicos [98, 99]. Porém, ao longo dos
ultimos anos, as linhas de pesquisa com 7. harzianum também tém focado no potencial
biotecnolégico desta espécie em prospectar enzimas hidroliticas relacionadas a degradagdo da
lignocelulose [15, 16, 19, 100].

Em um estudo prévio, diferentes espécies de Trichoderma foram submetidas a um
cultivo cuja principal fonte de carbono era o bagaco de cana-de-agucar. Para um tempo de
fermentacdo igual a 96 horas, as linhagens de T. harzianum CBMAI-0179 e 10C-3844
apresentaram alta atividade enzimética de celulase (FPase) quando comparadas com outras
linhagens da mesma espécie e com 7. reesei CBMAI-0711 (Figura 4) [101], motivo pelo qual
foram definidas como promissoras quanto a producao de enzimas hidroliticas em condicdo de
degradacdo da biomassa vegetal. Por outro lado, a linhagem T. atroviride CBMAI-0020 nao
apresentou atividade enzimatica para a condicao analisada (Figura 4), sendo, portanto, utilizada

como parametro nos experimentos subsequentes.
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Figura 4: Perfil da atividade enzimatica de celulases (FPAse) das diferentes espécies de
Trichoderma em condiciao de degradacdo da biomassa vegetal [101]. As linhagens de T.
harzianum (I10C-3844 e CBMAI-0179) apresentaram atividade enzimdtica semelhante a 7.
reesei CBMAI-0711, fungo modelo na producdo de enzimas hidroliticas. Em contraste, 7.
atroviride CBMAI-0020 ndo apresentou desempenho enzimadtico satisfatorio na condi¢do

analisada.

Em vista do exposto, foi publicado o primeiro transcriptoma de 7. harzianum 10C-3844
em diferentes condi¢des (bagaco, celulose e lactose) buscando investigar o potencial desse
fungo quanto a degradacdo do substrato lignoceluldsico [15]. Posteriormente, o transcriptoma,
0 exoproteoma e as atividades enzimaticas dos extratos de 7. harzianum 10C-3844 foram
comparados aos daqueles de T. reesei CBMAI-0711 e de T. atroviride CBMAI-0020, revelando
um sistema comum de biodegradagdo das espécies estudadas, o que possibilitou a prospeccao
de novos alvos chaves no processo de sacarificagdo enzimatica [34].

Mais recentemente, foi analisado (dados nao publicados) o primeiro transcriptoma de 7.
harzianum CBMAI-0179 em diferentes condicdes (celulose e glicose) [39]. Os resultados
obtidos revelaram o potencial de tal microrganismo como produtor de enzimas chaves na
conversao de polissacarideos complexos em agucares simples e reiteraram o baixo desempenho
enzimatico de T. atroviride CBMAI-0020 em condi¢do de degradacdo de celulose [39]. Além
do mais, outros trabalhos t€ém sido realizados com linhagens de 7. harzianum mostrando o
potencial dessa espécie na producao de enzimas hidroliticas [17-20, 102].

De acordo com a filogenia proposta por Horta e colaboradores (2018), a qual considerou

a regido ITS (Internal Transcribed Spacer), T. atroviride CBMAI-0020 apresentou-se
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distantemente relacionado de 7. harzianum I0C-3844 e de T. reesei CBMAI-0711 [34]. Embora
a semelhanca entre as espécies 7. atroviride e T. harzianum mostre que elas compartilham um
fundo genético amplamente comum, pequenas diferencas genéticas podem ser detectadas ao
comparar seus desempenhos enzimdticos, os quais mostraram-se discrepante, como pode ser
observado na Figura 4.

Tais diferengcas poderiam ser condizentes a regulacio de genes responsdveis pela
expressao de enzimas que atuam na degradacao da parede celular vegetal. Assim, uma vez que
dentro do género Trichoderma, o modelo de regulacdo génica disponivel para este processo é
descrito para T. reesei [25, 103-106], o estudo deste topico em outros fungos seria de
fundamental importincia para entender como ocorre a expressao de enzimas hidroliticas nestes
microrganismos. Diante deste cendrio e para fins de comparagio, neste estudo consideramos
um ancestral comum micoparasitario, 7. atroviridle CBMAI-0020, e duas linhagens de T.
harzianum (CBMAI-0179 e I0C-3844) com potencial celulolitico e hemicelulolitico.

2.5. Regulacao génica associada a desconstrucao da biomassa vegetal

De maneira geral, em fungos, a regulacdo de genes relacionados a utilizacdo da
biomassa vegetal ocorre pela ativacdo da expressdo gé€nica via indutores especificos em
equilibrio com a repressdo catabdlica de carbono (CCR). Na presenca de indutores, tais como
soforose, celobiose, xilose, xilobiose, xilo-oligossacarideos, arabitol, galactose e lactose [23,
24], a regulacdo é feita por FTs especificos que se ligam a regido promotora dos genes que
codificam celulases, hemicelulases e outras CAZymes, ativando a expressdo dos mesmos
(Figura 5), bem como das vias metabdlicas necessdrias para a utilizacdo da fonte de carbono
disponivel [28].

Dentre estes, XYRI1 (xylanase regulator 1) € o ativador transcricional mais importante
dos genes que codificam celulases e hemicelulases (Figura 5). Trata-se de um FT do tipo
Zn2Cyse que se liga ndo apenas ao motivo GGCTAA, disposto em locais duplos e invertidos
(separados por 10-12 pb), mas também a um tnico motivo GGC (A/T)3 [106, 107]. Ortélogos
estdo presentes em outros fungos desconstrutores de biomassa, como XLnR em A. niger e XLR-
1 em N. crassa, embora o conjunto de genes controlados por este regulador é altamente
especifico da espécie e parece estar ligado ao estilo de vida dela [108]. Via de regra, este FT
controla o catabolismo da d-xilose e o sistema xilanolitico. Porém, em 7. reesei, o sistema
celulolitico [108] e alguns genes do sistema arabinanolitico [109, 110] também sdo controlados
por XYRI1. Ainda para essa espécie, a mudanga entre o citoplasma e o nicleo € o mecanismo

chave para ativar/desativar a expressao de genes alvo. Sob condi¢des de indugdo, ocorrem a
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biossintese de novo e a importacao nuclear rapida de XYR1, enquanto o término da inducdo
resulta em sua rdpida degradagdo nuclear [111].

Analisando a regido promotora de cbhl, o FT ACE2 foi identificado como sendo uma
proteina ativadora de celulases que se liga a um motivo encontrado no promotor deste gene
[112]. Este motivo também é reconhecido por XYR1 [106], o que sugere uma interacao entre
ambos FTs em mediar a expressdo génica de enzimas hidroliticas (Figura 5). Juntamente com
o repressor ACEI, acredita-se ainda que ACE2 faca a fina regulacdo da expressao de xyr/ em

T. reesei [24, 104].
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Figura 5. Visao geral da regulacio de enzimas hidroliticas em 7. reesei. A expressdo de
celulases e hemicelulases € controlada principalmente por FTs, os quais ativam (XYR1, ACE2,
ACE3, LAEI1, componentes VELVET e o complexo HAP2/3/5) ou reprimem (ACE1 e CRE1)
a expressao de enzimas do complexo hidrolitico de acordo com a fonte de carbono presente no
meio [7]. Os transportadores, tais como MFS permeases e ABC transporters, também sao
essenciais na utilizacdo da lignocelulose pelo fungo, pois sinalizam mudangas ambientais a
nivel celular através do transporte de moléculas e, consequentemente, controlam a expressao de

genes que codificam CAZymes.

Em T. reesei e outros fungos, o principal regulador da CCR € o FT CREI], o qual reprime

a expressdo dos genes que codificam celulases e hemicelulases quando hd um acucar facilmente
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metabolizdvel, tal como a glicose e/ou a frutose (Figura 5). Trata-se de um FT do tipo Cys2Hisz
cujos sitios de ligagc@o sdo compostos por dois motivos SYGGRG e acredita-se que a repressao
direta s6 ocorra quando o fator se liga aos dois sitios [113, 114]. No entanto, dados de estudos
in vitro sugeriram que apenas um local € necessdrio, como foi mostrado no promotor chh2 em
T. reesei [115].

A delecdo de crel leva a desrepressdo da transcricdo de genes celuloliticos e
hemiceluliticos [26, 116-118]. Entretanto, em termos de aplicacdo industrial, a delecdo
completa desse gene ndo € uma alternativa atrativa para aumentar a expressio de celulases e
hemicelulases, uma vez que a dele¢do de crel em T. reesei ou sua substitui¢do por um mutante
inibe o crescimento das hifas e afeta o acimulo final de biomassa, levando a diminuicao da
producdo de enzimas hidroliticas [7, 26, 119]. CRE1 também estd envolvido em muitos outros
processos, como micoparasitismo em 7. harzianum, transporte/metabolismo de nitrogénio e
aminoécidos em A. nidulans e T. reesei e controle ambiental do pH em fungos patogénicos [28].
Assim sendo, sua delecdo completa causa efeitos pleiotropicos [105].

Dessa forma, novas abordagens vém sendo estabelecidas a fim de reduzir a CCR
mediada por CRE1 em T. reesei, tal como a constru¢do de FTs de fusdo [120]. Com essa
abordagem, crel €é mantido intacto para ndo prejudicar o crescimento da hifa e,
consequentemente, a eficiéncia na producao de enzimas hidroliticas.

Outros FTs também atuam na rede regulatéria associada a degradacdo da parede
lignocelulésica. Dentre estes podem ser citados os reguladores positivos ACE2, ACES3,
complexo HAP2/3/5, LAE1 e componentes VELVET (Figura 5) [28]. Quanto aos reguladores
negativos, além de CREI1, ACEI reprime a expressdo de celulases e hemicelulases, como
ilustrado na Figura S, e ambos regulam transcricionalmente a expressao de xyr/ em condicdo
de repressao [104].

2.6. Proteinas transportadoras e degradacio do material lignocelulésico

Aproximadamente 5% do genoma de 7. reesei compreende genes que codificam
proteinas envolvidas no transporte [43]. As proteinas transportadoras desempenham um papel
importante durante o processo de degradacdo da biomassa, uma vez que podem transportar
pequenas moléculas indutoras do ambiente extracelular para o meio intracelular do fungo,
influenciando a expressdo dos genes que codificam as CAZymes (Figura S) [121, 122]. Entre
estas, o maior grupo de transportadores identificados pertence a superfamilia dos facilitadores
maioritarios (MFES), classe de transportadores de agucares, tais como, hexose e pentose, seguida
pelos transportadores ABC (ATP-binding cassette), os quais estdo envolvidos com a secrecao

de metabdlitos secundarios, resisténcia a compostos toxicos e sinalizacdo celular [99]. Além
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disso, em T. reesei, foi demonstrado que tais transportadores sdao modulados pelos FT's XYR1
e CREI, sugerindo que ambos estejam envolvidos durante o processo de desconstru¢do do
substrato lignocelul6sico nesse fungo [37].

2.7. Analise de transcriptoma por RNA-Seq

As moléculas de RNA sdao componentes vitais de todas as células vivas devido ao seu
papel fundamental na intermediacdo entre a informacdo gendmica e o proteoma (RNAs
mensageiros ou mRNAs), como elementos funcionais que atuam na regulacdo da expressao
génica (RNAs nao codificadores ou ncRNAs), ou como catalisadores de reagdes bioquimicas
(ribozimas). Quando tais moléculas sdo expressas em conjunto tem-se o transcriptoma, o qual
pode ser investigado usando tecnologias de sequenciamento de RNA (RNA-Seq), dentre outros
métodos [30, 123].

Resumidamente, a primeira etapa do RNA-Seq refere-se a constru¢ao de uma biblioteca
de cDNA, a qual compreende a sintese de fragmentos de DNA complementares a partir de RNA
isolado e, posteriormente, a ligacdo de adaptadores. Em seguida, os fragmentos podem ser
amplificados e depois sequenciados, gerando leituras curtas de 30 a 400 pb a partir de uma
extremidade (single-end sequencing) ou de ambas as extremidades (paired-end sequencing)
[30].

Os principais objetivos da realizagdo da andlise de RNA-Seq incluem: descoberta e
classificacdo de transcritos, anotacdo da estrutura génica e quantificacio da mudanca da
abundancia de transcritos ao comparar diferentes condi¢des, amostras ou estigios de
desenvolvimento [30]. No entanto, € vilido ressaltar que a descoberta de genes diferencialmente
expressos entre duas ou mais condicdes bioldgicas contrastantes €, sem divida, o principal
objetivo da maioria dos estudos de RNA-Seq em biotecnologia [34, 35]. Ademais, os dados de
RNA-Seq podem ser usados para descobrir outros padrdes interessantes de expressao génica
por meio da constru¢do de redes de co-expressao [124].

2.8. Redes de co-expressao génica como ferramenta biotecnolégica

Com o rapido acimulo de grandes conjuntos de dados “6micos” gerados a partir da
transcriptdomica, por exemplo, um dos desafios estd em como extrair significados bioldgicos
relevantes a partir dos resultados obtidos. Uma abordagem interessante para explorar os
conjuntos de dados de transcriptoma € a constru¢do de redes de co-expressdo, também
chamadas de redes de associagdo, correlacdo e influéncia [31].

Na rede de co-expressdo génica, 0s nds representam os genes € as arestas as interacoes
entre esses elementos. Dessa forma, parte-se do pressuposto de que genes envolvidos em uma

mesma via metabdlica — degradacao da parede vegetal, por exemplo —, sdo expressos de maneira
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semelhante sob diferentes tratamentos, além de contemplarem funcdes andlogas [33]. Tais
elementos potencialmente co-regulados na resposta do organismo a determinada condicdo de
crescimento podem ser agrupados em clusters de genes com alta conectividade [125]. Portanto,
espera-se que genes com funcdes desconhecidas estejam agrupados com genes ja
caracterizados, abrindo perspectivas para a identificacdo e caracteriza¢do de novos alvos [33]

(Figura 6).
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Figura 6. Exemplo de uma analise de rede de co-expressao. Primeiro, a correlagio pareada
¢ determinada para cada par de genes a partir dos dados de expressdo. Em seguida, essas
correlagdes aos pares podem ser representadas como uma rede, onde moddulos podem ser
definidos usando a anélise de cluster. Em seguida, sdo realizados o enriquecimento funcional e
a busca de genes hub. Os genes potenciais podem entdo ser identificados em mddulos onde

diversos genes associados sdo co-expressos [32].

Uma outra abordagem utilizada a fim de buscar genes chaves dentro de um processo
biologico € a detecgdo de hubs. Esses genes altamente conectados desempenham um papel
central na estabilidade da rede contra perturbagdes e sdo muito importantes em diversos
processos celulares dentro do contexto estudado [126, 127] (Figura 6).

Na area de biocombustiveis, sdo poucos os trabalhos explorando redes de co-expressao
génica em espécies do género Trichoderma [34, 35, 43]. Na literatura, até onde sabemos, nio
h4 trabalhos abordando a andlise comparativa e integrativa de diferentes espécies e linhagens
de Trichoderma tendo como enfoque os principais reguladores positivo e negativo envolvidos
na desconstru¢do da parede celular vegetal. Aqui, é importante ressaltar que a regulacdo da
expressdo génica afeta diretamente a composi¢do das misturas enzimdticas resultantes e é,

portanto, altamente relevante para aplicacoes [128].
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Deste modo, este estudo buscou investigar o perfil de expressao génica relacionado aos
FTs XYR1 e CRE1 em condicdo de degradacdo da celulose para 7. harzianum (I10C-3844 e
CBMAI-0179) e T atroviride CBMAI-0020. Para isso, foi utilizada a Analise de Rede de
Correlacdo Ponderada (WGCNA) [124], a qual estima a similaridade da co-expressdo entre os
genes e constréi uma matriz de correlacdo ponderada seguindo uma topologia sem escala.
Através dessa abordagem foi possivel identificar e comparar os transcritos co-expressos com
xyrl e crel bem com os hubs destes modulos. Do mesmo modo, as vias metabdlicas
desencadeadas por tais reguladores transcricionais em resposta a utilizacdo da fonte de carbono

presente no meio também foram investigadas.
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. OBJETIVOS
3.1. Objetivo Geral

Caracterizar e comparar a partir de abordagens in silico os FTs XYR1 e CREl em

espécies do género Trichoderma.

3.2. Objetivos Especificos

= Utilizar a sequéncia especifica de xyrl e crel de T. harzianum T6776 e de T. atroviride
IMI206040 como referéncia para o alinhamento dos reads de RNA-Seq de T. harzianum

(CBMAI-0179 e IOC-3844) e T. atroviride (CBMAI-0020), respectivamente;

= Investigar o perfil de expressao de xyrl e crel nos experimentos de RNA-Seq para T.
harzianum (CBMAI-0179 e 10C-3844) e T. atroviride (CBMAI-0020) cultivados em

celulose ou em glicose;

= Realizar andlise filogenética para as sequéncias proteicas de XYR1 e CREl em

diferentes fungos ascomicetos, incluindo as linhagens em estudo;

= Construir redes de co-expressdo génica para 7. harzianum (10C-3844 e CBMAI-0179)
e T. atroviride (CBMAI-0020) a partir dos dados de RNA-Seq e, por meio de andlises
de agrupamento, identificar os grupos de transcritos co-expressos com xyr/ e crel, bem

como o0s genes centrais (hubs) de tais grupos;

= Caracterizar as fungdes bioldgicas encontradas para os transcritos associados aos FT's
XYRI1 e CREI e inferir possiveis vias metabdlicas desencadeadas por esses reguladores

durante o processo de degradacdo da celulose em Trichoderma spp.;
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Abstract

Background: 7richoderma species have attracted attention as alternative plant polysaccharide-
degrading enzymes sources, among other reasons. Most Trichoderma spp., such as Trichoderma
atroviride and Trichoderma harzianum, are described as mycoparasitic fungi and widely used
in agriculture as biocontrol agents. 7. harzianum is also a potential candidate for hydrolytic
enzyme production in which gene expression is tightly controlled. Thus, a better understanding
of transcriptional regulation related to the main activator (XYR1) and repressor (CRE1) of
cellulases and hemicellulases is necessary. Herein, we explore the genetic mechanisms of the
key regulators of genes encoding plant cell wall-degrading enzymes by inferring a gene
coexpression network for 7. harzianum (I10C-3844 and CBMAI-0179) and, for comparative
purposes, for 7. atroviride CBMAI-0020.

Results: Phylogenetic analysis indicated that both regulatory proteins are widely distributed
among ascomycete fungi and suggested how 7. atroviride is differentiated from 7. harzianum.
The coexpression network analyses separated the transcripts into several groups according to
the expression profile during growth in cellulose or glucose. Groups with xyrl or crel were
identified, and within them, transcripts encoding carbohydrate-active enzymes (CAZymes),
TFs, sugar and ion transporters, and proteins with unknown function were coexpressed.
However, qualitative and quantitative differences among groups and strains were observed.
Core transcripts from these groups (hubs) were identified, and they included transcripts not yet
characterized or described as related to cellulose degradation. Several metabolic pathways
triggered were recognized with high similarity between both regulators during cellulose
degradation, but they differed according to the strains. An enrichment related to mycoparasitism
in 7. atroviride, especially that associated with CRE1, was observed. It was also noticed that
the transcripts encoding CAZymes related to polysaccharide degradation in 7. harzianum are
not necessarily coexpressed with the TFs studied herein.

Conclusion: Our results suggest that different strategies related to XYR1 and CRE1 are used by
Trichoderma spp. during cellulose degradation and provide new insights into transcripts
coexpressed with both TFs in 7. harzianum. This knowledge can be exploited to improve the
understanding of the genetic mechanisms involved in hydrolytic enzyme regulation, expanding
the potential of 7. harzianum use in several industrial applications.

Keywords: Trichoderma harzianum, Trichoderma atroviride, cellulose, XYRI1, CREI,

weighted gene co-expression network analysis.



36

Background

Due to the expanding population and industrialization, the demand for energy is
increasing throughout the world. Currently, the primary energy source is fossil fuels, i.e.,
nonrenewable sources such as natural gas, oil, and coal [1]. To reduce the dependency on these
finite resources, the development of new sustainable alternatives has become critical. In this
context, increasing attention has been given to the development of biofuels from biomass [2,
3].

The United States and Brazil are the world's largest bioethanol producers and are
responsible for 56 and 28% of its global production, respectively [4]. In Brazil, the sugar and
first-generation biofuel (1G ethanol) production system uses sugarcane as feedstock, which
generates large amounts of lignocellulosic materials as residue [5]. On average, 280 kg of
bagasse is produced through industrial processing of 1 ton of sugarcane [6]. Thus, new
technologies based on converting agricultural residues into second-generation biofuel (2G
ethanol) are emerging [7-9].

Despite advances, the cost of biomass-degrading enzymes remains the main bottleneck
for commercial biofuel production [10-12]. In nature, bacteria and fungi produce and secrete a
combination of enzymes that act synergistically to breakdown complex polysaccharides [13].
In order to establish the 2G ethanol as a competitive technology, the application of these
enzymes for the improvement of enzymatic cocktails is earning great attention in the biofuel
industry [14, 15].

Because of the exclusive nutritional versatility, species of the filamentous ascomycete
genus Trichoderma have been used in a wide range of biotechnological applications [16-19].
While fungal cellulases from Trichoderma reesei are the most applied enzymes in the
biotechnology industry [17, 20], the use of Trichoderma atroviride and Trichoderma virens
have been explored by examining their biocontrol capacity against plant pathogenic fungi [21,
22]. Both species are distantly related to 7. reesei [23] and represent well-defined phylogenetic
species [24, 25]. In contrast, Trichoderma harzianum sensu lato is also commonly used as a
biocontrol agent but is part of a complex of several cryptic species [26]. More recently, studies
on T. harzianum strains have shown their potential to produce a set of enzymes that can degrade
the residual biomass of sugarcane [27-32].

Lignocellulosic biomass is a complex recalcitrant structure that requires a consortium
of enzymes for its complete depolymerization. For cellulose degradation, three types of
cellulases are required: cellobiohydrolases, endoglucanases and [-glucosidases. For

hemicellulose hydrolysis, several enzymes are needed, such as endo-xylanases, B-xylosidases,



37

B-mannanases, arabinofuranosidases, a-glucuronidases and esterases [33]. Furthermore,
auxiliary enzymes and proteins are involved in the degradation of the plant wall, such as,
respectively, lytic polysaccharide monooxygenases (LPMOs) [34] and swollenin [35], which
can improve the overall performance of biomass hydrolysis [29].

These hydrolytic enzymes and other accessory proteins related to complete breakdown
of cellulose and hemicellulose are collectively named carbohydrate-active enzymes (CAZymes)
[36]. The expression of CAZyme-encoding genes is regulated at the transcriptional level in a
coordinated manner that depends on the availability of the carbon sources [37-39]. In T. reesei,
cellulase and hemicellulase gene expression is regulated by the action of several transcription
factors (TFs) [40]. The main TF involved in the expression of most cellulase and hemicellulase
genes is xylanase regulator 1 (XYR1) [40, 41]. Moreover, the expression of these genes is
subject to carbon catabolite repression (CCR) [42], which is regulated by carbon catabolite
repressor 1 (CRE1) [43].

Although XYRI1 orthologs are present in almost all filamentous ascomycete fungi, the
molecular mechanisms triggered by this regulator depend on the species [44]. XYR1 was first
described in 7. reesei as the main activator of enzymes involved in d-xylose metabolism [41].
However, for T. atroviride, the induction of genes encoding cell wall-degrading enzymes
considered relevant for mycoparasitism, such as axel and swol, is influenced by XYR1 [45].
CREI1 is the only conserved TF throughout the fungal kingdom, suggesting a conserved
mechanism for CCR in fungi [46], and in many cases, it has a negative effect on the production
of lignocellulose-degrading enzymes [47].

One of the great challenges in understanding the molecular mechanisms of expression
of CAZymes and other proteins required for biomass deconstruction is how the mains TFs act.
Given the fact that inside the genus Trichoderma, the research about gene regulation of
lignocellulose degrading enzymes has focused on 7. reesei [48-50], a better understanding of
the transcriptional regulation on another Trichoderma spp. has shown necessary in order to
optimize the use of these fungi as enzyme producers. One interesting approach to explore the
regulation of lignocellulolytic enzymes in silico is through gene coexpression networks, which
have proven to be a fundamental tool to indicate the transcripts that are active simultaneously;
thus, may have a common function [51, 52].

To date, only a few studies have employed the gene coexpression network in studies on
Trichoderma spp. [53-55]. Through this methodology, no research has been reported exploring
comparatively the genetic mechanisms triggered by the main regulators involved in plant

biomass degradation in 7richoderma spp. In this context, we considered a common
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mycoparasitic ancestor species (7. atroviride CBMAI-0020) and two mycoparasitic strains with
hydrolytic potential (7. harzianum CBMAI-0179 and T. harzianum 10C-3844) [54, 55] to
model a network for each strain. This approach allowed us to identify and compare modules,
hub genes and metabolic pathways associated with CREl and XYRI1 under cellulose
degradation. A better understanding of the regulation of cell wall degrading enzymes will help
to elucidate the events that trigger cellulose degradation in mycoparasite Trichoderma species.
This will be important to increase the efficiency of the production of these enzymes and
expanding the potential of 7. harzianum in several industrial applications, including in biofuel

industry.

Materials and Methods
Fungal Strains and Culture Conditions

The species originated from the Brazilian Collection of Environment and Industry
Microorganisms (CBMAI), located in the Chemical, Biological and Agricultural
Pluridisciplinary Research Center (CPQBA) at the University of Campinas (UNICAMP),
Brazil. Briefly, T. harzianum CBMAI-0179 (Th0179), T. harzianum 10C-3844 (Th3844) and
T. atroviride CBMAI-0020 (Ta0020) strains were cultivated on solid medium for 8 days at
37 °C as described in a previous work and scraped with a washing solution [54]. Fermentation
process was performed in biological triplicates and was initiated with the inoculation of 10’
spores/mL per 200 mL of pre-inoculum composed of crystalline cellulose (Celuflok, Sdo Paulo,
Brazil, degree of crystallinity 0.72 g/g, composition 0.857 g/g cellulose and 0.146 g/g
hemicellulose) or glucose as the carbon source [54]. Glucose was used as a control in RNA-Seq
experiments. After 72 h of incubation, 50 mL of the pre-inoculum was used to inoculate 450 mL
of fermentation solution in a 2 L Erlenmeyer flask. The fermentation process continued for 96 h.
Then, mycelial samples from cellulose and glucose conditions were extracted from the Th0179,
Th3844 and Ta0020 strains, stored at -80 °C and ground in liquid nitrogen. Frozen material was
used for RNA extraction, and the sequencing experiment was carried out on the Illumina HiSeq
2500 platform (Illumina, San Diego, CA, USA). These data were obtained and described in a
previous study [54].

Transcription Profiling
Sequencing quality filters were applied using Trimmomatic v0.36 [56] as described by
[55]. Reads were mapped against 7. harzianum T6776 [57] and T. atroviride IMI1206040 [58]

reference genomes using CLC Genomics Workbench software (CLC bio — 6.5.2 v;
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Finlandsgade, Dk) [59]. Gene expression values were calculated in transcripts per million
(TPM), and genes with p-values < 0.05 and fold changes > 1.5 (upregulated) or < -1.5

(downregulated) were considered differentially expressed, as in [55].

Phylogenetic Analysis of CRE1 and XYR1 Proteins

The ascomycete fungus CREI and XYR1 protein sequences with similarity > 60% and
> 70%, respectively, to the reference genome of 7. harzianum T6776 were retrieved from the
NCBI database (https://www.ncbi.nlm.nih.gov/). Additionally, from the selected genome,
CREI1 and XYRI1 sequences were recovered and used as a reference for Th3844, Th0179 and

Ta0020 TF consensus sequences in RNA-Seq read mapping. These sequences were also
included in the phylogenetic analyses. Multiple sequence alignment was performed using
ClustalW [60], and a phylogenetic tree was created using Molecular Evolutionary Genetics
Analysis (MEGA) software v7.0 [61]. The maximum likelithood (ML) [62] method of inference
was used based on the Dayhoff model with a freqs (F) matrix-based model for CRE1 and based
on the Jones-Taylor-Thornton (JTT) model with freqs (F") for XYR1. We used 1,000 bootstrap
replicates [63] for each analysis. Pairwise deletion was employed to address alignment gaps and
missing data. Trees were visualized and edited using the FigTree program v1.4.3

(http:/tree.bio.ed.ac.uk/software/figtree/).

Gene Coexpression Network Construction
The gene coexpression networks were modeled for Th3844, Th0179 and Ta0020 using
transcriptome data (PRJNA336221) from a previous work that were obtained with biological

triplicates using cellulose or glucose as the carbon source [54]. For the network construction,
TPM values were used along with the R package for weighted correlation network analysis
(WGCNA) [64]. To decrease noise and to remove residuals from the analysis, WGCNA filters
were applied to remove transcripts with zero variance for any replicate under different
experimental conditions and a minimum relative weight of 0.1. Pearson’s correlation values
among all pairs of transcripts across all selected samples for each strain were used for network
construction. A softpower B was chosen for each network using pickSoftThreshold to fit the
signed network to a scale-free topology to obtain an adjacency matrix where nodes correspond
to genes and edges to the strength of their connection. To obtain a dissimilarity matrix, we built
a topological overlap matrix as implemented in the package, with the exponentiation performed

on each edge value.


https://www.ncbi.nlm.nih.gov/
file:///D:/Mestrado/RedesDeborah/Alexandre/(http:/tree.bio.ed.ac.uk/software/figtree/)
https://www.ncbi.nlm.nih.gov/bioproject/336221
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Identification of Groups, Subgroups and Hubs

To identify groups of transcripts densely connected in the gene coexpression network,
we used simple hierarchical clustering on the dissimilarity matrix with R [65]. From the
acquired dendrogram, the dynamicTreeCut package [66] was used to obtain the ideal number
of groups and the respective categorization of the transcripts. According to the functional
annotation performed by [55], groups containing the desired TFs XYR1 and CRE1 were
identified and named the xyr/ and crel groups, respectively. Within each detected group
associated with different TFs, we used Python 3 programming language [67] together with the
networkx library [68] to identify subgroups using the Louvain method [69] and hubs based on
the degree distribution. We used different thresholds for keeping edges on the networks and
recognizing hubs: for the crel group, (I) 0.9 (all strains) was used, and for the xyr/ group, (II)
0.9 (Th3844), (IIT) 0.5 (Th0179) and (IV) 0.7 (Ta0020) were used. Additionally, we tested the
Molecular Complex Detection (MCODE) (v1.4.2) plugin [70] using Cytoscape software v3.7.2
with the parameters set to default (degree cutoff = 2, node score cutoff = 0.2, K-core = 2,

maximum depth = 100, haircut method) for subgroup identification.

Functional Annotation of Transcripts within xyrI and crel Groups

Functional annotation of the xyr/ and crel groups was performed based on an analysis
of their transcript composition. Gene Ontology (GO) [71] terms and Kyoto Encyclopedia of
Genes and Genomes (KEGG) [72] Orthologies (KOs) related to the selected groups were
chosen to explore the biological functions and metabolic pathways in which these transcripts
participate. All identified GO categories were used to create a treemap to visualize possible
correlated categories in the dataset caused by cellulose degradation. This step was performed
using the REVIGO tool [73]. The metabolic pathways related to the KOs obtained and found
in T. reesei were then selected due the high number of annotations correlated to this species in
the KEGG database. To obtain the pathways related to the enzymes identified as belonging to
the different groups, we used the Python 3 programming language [67] together with the
BioPython library [74]. We selected metabolic pathways linked to the TFs XYR1 and CREI

that act in categories related to biomass degradation in Trichoderma species.

Results
Molecular Phylogeny of CRE1 and XYRI1 in Ascomycota
The phylogenetic analysis of the amino acid sequences related to CREI and XYRI1

showed a clear diversification of these regulators inside the ascomycete fungi (Fig. 1 and
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Additional file 1: Table S1). The genus Trichoderma is a member of the family Hypocreaceae,
and we observed in both phylogenetic trees the separation of this family from the other families
classified in the phylum Ascomycota (with bootstrap support of 100% in both cases). However,
the families observed in the CRE1 phylogenetic tree (Fig. 1a) were not the same as those
identified in XYR1 (Fig. 1b) as well the phylogenetic relationships of the complete protein
sequences related to both TFs of the studied Trichoderma species/strains.

The CREI1 phylogenetic tree showed a high phylogenetic proximity between Th3844
and ThO179 strains (with bootstrap support of 51%). For both T. harzianum strains, the protein
sequence related to CREI1 presented a close relationship with the corresponding sequence in
other species of the same genus, such as 7. virens (XP_013956509.1), Trichoderma
guizhouense (OPB38360.1) and Trichoderma lixii (CAA64656.1) as well in other T. harzianum
(PNP52054.1, KKO97123.1 and XP_024780493.1) (with bootstrap support of 95%) (Fig. 1a).
On the other hand, Ta0020 shared closer affinity with two other T. atroviride strains
(XP_013941427.1 and AKM12665.1), with 99% bootstrap support (Fig. 1a).

We observed in the phylogenetic tree of XYR1 a high phylogenetic proximity between
Th3844 and T. harzianum CBS 226.95 (XP_024780881.1) (with bootstrap support of 96%)
(Fig. 1b), while Th0179 was closer to T. harzianum T6776 (KK098630.1) (with bootstrap
support of 50%) (Fig. 1b) and Ta0020 was closer to T. atroviride IMI206040
(XP_013941705.1) (with bootstrap support of 88%) (Fig. 1b).
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Fig. 1. Molecular phylogeny of CRE1 and XYRI1 in Ascomycota. The complete protein
sequences related to CRE1 (a) and XYRI1 (b) were used to analyze and to compare the
phylogenetic relationships of the studied Trichoderma species/strains inside the ascomycete

fungi.

Construction of Gene Coexpression Networks for Trichoderma spp.

We used transcriptome data obtained in a previous work [55] for Th3844, ThO179 and
Ta0020. Through this dataset, gene coexpression networks were modeled for each strain.
Transcript identification was obtained from comparative alignments of sequencing data and the
following reference sequences: the 7. harzianum T6776 genome for Th3844 and Th0179 and
the 7. atroviride IMI206040 genome for Ta0020 [55]. Using these data and applying the
described filters to the WGCNA package, we obtained (I) 11,050 transcripts (Th3844), (II)
11,105 transcripts (Th0179), and (IIT) 11,021 transcripts (Ta0020) (Additional file 2: Table S2).
Based on these transcripts, we calculated Pearson’s correlation matrices. Different softpower 3
values were chosen to fit the scale independence of the different networks to a scale-free
topology (27 for Ta0020, 8 for Th0179, and 48 for Th3844) by considering the connectivity
between the transcripts based on their expression correlation. Based on transcript expression

levels, the networks were partitioned into manageable groups to explore the putative
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coregulatory relationships. In total, we identified 87 groups for Th3844, 75 groups for Th0179
and 100 groups for Ta0020 (Additional file 3: Table S3).

Coexpressed Transcripts with XYR1 and CRE1

Our focus in Trichoderma spp. coexpression networks were the TFs XYR1 and CREI,
two regulators that play a central role in the expression of cellulase and hemicellulase genes
during biomass degradation [46]. Therefore, transcripts encoding these proteins were sought
within each module generated using the WGCNA package. Transcripts having correlated
expression patterns with these regulators were identified in the Th3844, ThO179 and Ta0020
coexpression networks and grouped together (Additional file 4: Table S4). In relation to the
number of transcripts, Ta0020 presented the highest coexpression with crel and the lowest
coexpression with xyr/ compared to the number of transcripts identified in the other strains,
which showed the opposite profile (Table 1). Between T. harzianum strains, the amount of

coexpressed transcripts related to xyr/ and crel were differed (Table 1).

Table 1. Total numbers of coexpressed transcripts identified in Trichoderma spp. distributed in

the crel and xyrl groups.

Groups Strains
Th3844 Th0179 Ta0020
crel 53 116 251
xyrl 167 153 50
Total 220 269 301

Each group previously identified containing the xyr/ and crel transcripts was
partitioned, and subgroups were formed for all strains. Thus, we could identify the transcripts
that are most correlated inside the modules. We tested the MCODE methodology as previously
used for gene coexpression networks [53]. The number of subgroups identified was (I) 5 for
Ta0020 (the subgroups contained 23, 10, 23, 16 and 6 transcripts), (II) 4 for ThO179 (the
subgroups contained 3, 3, 5 and 4 transcripts), and (III) 3 for Th3844 (the subgroups contained
20, 14, and 9 transcripts) for subgroups related to the crel groups, and (IV) 1 for Ta0020 (8
transcripts), (V) 4 for ThO179 (the subgroups contained 56, 18, 16 and 7 transcripts), and (VI)
2 for Th3844 (the subgroups contained 124 and 43 transcripts) for subgroups related to the xyr/
groups (Additional file 5: Table S5).



44

We sought the transcripts encoding CRE1 and XYR1 inside these subgroups and found
them for only Th3844 (crel and xyrl) and ThO179 (crel). Although we found transcripts
encoding CAZymes, transporters, TFs and other interesting proteins, the MCODE methodology
was not useful for all the modeled coexpression networks. Thus, we tested the Louvain
algorithm [69] for detecting the most correlated niches in the crel and xyr! groups. This
approach enabled the identification of the main subgroups for the molecular reactions occurring
during cellulose degradation (Fig. 2 and Additional file 6: Table S6).

As can be seen in Fig. 2, each strain presented a different coexpression subnetwork
topology for crel and xyrl groups based on the distribution of the subgroups. For crel groups,
the Th0179 subnetwork is more tightly interconnected than the Ta0020 subnetwork and is less
than Th3844 subnetwork. For xyr/ groups, the same profile was observed for all strains. For
each subgroup formed inside a group, a color was attributed to the transcripts that constituted

the respective subgroup (Additional file 7: Table S7).

Th3844 Tho179 Ta0020

CRE1

XYR1

Fig. 2. Subgroups identified in the crel and xyrl groups among Trichoderma spp. The
groups containing CRE1 and XYRI1 were partitioned according to Louvain algorithm, and
subgroups were formed for the Th3844 (a), Th0179 (b) and Ta0020 (c) groups related to crel
and for the Th3844 (d), ThO179 (e) and Ta0020 (f) groups related to xyrl. Different colors

represent different subgroups inside a group. Among groups, equal colors do not represent the
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same transcripts. Th3844: T. harzianum 10C-3844; ThO179: T. harzianum CBMAI-0179;
Ta0020: T. atroviride CBMAI-0020.

For each subgroup formed from the coexpressed transcripts in the crel and xyrl groups,
a denotation was attributed according to the strain (Additional file 7: Table S7). The crel
transcript was in the 1.0, 2.1 and 3.5 subgroups for Th3844, Th0179 and Ta0020, respectively
(Additional file 7: Table S7). We found the xyr! transcript associated with the transcripts that
formed the 4.1, 5.2 and 6.5 subgroups for Th3844, Th0179 and Ta0020, respectively
(Additional file 7: Table S7). In addition, we observed the presence of disconnected elements
in the subgroups formed for Th0179 and Ta0020 in the crel group. This same pattern was
observed in the xyr! group for Ta0020 (Additional file 7: Table S7). For crel subgroup, Ta0020
showed more than double of transcripts compared to identified in the 7. harzianum strains and

for xyrl subgroup, presented a few numbers of transcripts (Additional file 7: Table S7).

Hubs Transcripts with Similar Expression Patterns to XYR1 and CRE1

The predictive potential of transcripts with high connectivity in gene coexpression
networks involved in cellulose degradation by Trichoderma spp. remains to be thoroughly
investigated. In this way, transcripts with a high number of coexpressed neighbors, defined here
as hubs, were sought in groups in which the transcripts crel/ and xyrl/ were identified
(Additional file 8: Table S8). In some cases, we had to decrease the size of the correlation
coefficient threshold to identify highly connected transcripts within a group. Thus, different
thresholds representing cases from a moderate correlation (0.5) to a very high correlation (0.9)
[75] were used. To avoid extrapolating inferences, only transcripts with a degree of connectivity
were selected to improve understanding.

In the crel group, the transcripts encoding a concentrative nucleoside transporter (CNT)
(TRIATDRAFT_46358) for Ta0020, a mitochondrial ribosomal protein (MRP) family L3
(THARO02_01324) for Th0179 and a proteasome component PRE3 precursor (THAR02_10705)
and CRE1 (THARO02_10775) for Th3844 were identified as hubs, with the last having a second
candidate. In the xyr/ group, transcripts encoding unknown protein were found to be hubs for
Ta0020 (TRIATDRAFT_40550), for ThO0179 (THARO02_07681) and for Th3844
(THARO02_00323). A transcript encoding XYR1 (TRIATDRAFT_78601) was also defined as
hub for Ta0020.

Functional Annotation of Transcripts within xyrI and crel Groups
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GO enrichment analysis was performed with the transcripts within each crel and xyrl
group. For the crel group, under the molecular function category, catalytic activity (GO:
0003824) was the main annotated function for Th3844, Th0179 and Ta0020. Other functions
that were enriched among these species under this category were hydrolase activity (GO:
0016787), nucleic acid binding (GO: 0003676), oxidoreductase activity (GO: 0016491) and
metal ion binding (GO: 0046872). For the biological process category, the main function was
metabolic process (GO: 0008152). Other functions observed in all strains that deserve special
attention under this category were oxidation-reduction process (GO: 0055114) and
transcription/DNA-templated (GO: 0006351). In addition, for the cellular component category,
the main function was integral component of membrane (GO: 0016021), followed by cytoplasm
(GO: 0005737) and nucleus (GO: 0005634).

For the xyrl group, catalytic activity was the main annotated function for all strains
under the molecular function category. Other enriched functions found in 7. harzianum strains
were ATP binding (GO: 0005524), DNA binding (GO: 0003677), zinc ion binding (GO:
0008270) and oxidoreductase activity. It is important to note that hydrolase activity was the
second main annotated function under the molecular function category for Th3844, whereas for
ThO179 and Ta0020, this activity was not enriched. For the biological process category, the
main function was metabolic process. Other functions shared by Th3844, Th0179 and Ta0020
enriched under this category were: oxidation-reduction process, transcription/DNA-templated
and regulation of transcription/DNA-templated (GO: 0006355). For the cellular component, the
main function was integral component of membrane, followed by nucleus.

KO functional annotation of the transcripts encoding enzymes and unknown proteins
with enzymatic activity enriched in the crel and xyrl groups was also investigated (Fig. 3). For
the 14 pathway classes observed for each TF, 13 were shared between the two regulators. Only
two pathway classes, metabolism of other amino acids and lipid metabolism, were exclusive to
the TFs CRE1 and XYRI1, respectively. However, the number of identified enzymes for a given

pathway class was different for each strain (Fig. 3).
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Fig. 3. KO functional classification of the transcripts identified in the crel and xyrl
groups. The sequences related to enzymes and coexpressed with crel (a) and xyr! (b) were
annotated according to the main KO functions for Th3844, ThO179 and Ta0020. Ta0020: T.
atroviride CBMAI-0020; ThO0179: T. harzianum CBMAI-0179; Th3844: T. harzianum 10C-
3844; KO: Kyoto Encyclopedia of Genes and Genomes Orthology.

In relation to the pathway classes triggered along with crel, carbohydrate metabolism
and amino acid metabolism were highly activated for Th3844 and ThO179, respectively,
whereas for Ta0020, xenobiotic biodegradation and metabolism, nucleotide metabolism and
carbohydrate metabolism were highly activated (Fig. 3a). The pathway classes enriched in the
xyrl groups were identified as nucleotide metabolism and metabolism of cofactors and vitamins
for Th3844, nucleotide metabolism for ThO179 and xenobiotic biodegradation and metabolism,

lipid metabolism and amino acid metabolism for Ta0020 (Fig. 3b).
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The number of metabolic pathways for the crel and xyrI groups shared among all strains
was larger than that observed exclusively for each strain or between only two strains/species
(Additional file 7: Fig. S1). In addition, compared to the other two strains, Ta0020 presented

the highest number of exclusive pathway classes related to both TFs (Additional file 7: Fig. S1).

Differentially Expressed Transcripts from xyr! and crel Groups

We determined which of the transcripts present in the crel and xyrl groups were
differentially expressed considering the statistical analyses performed by [55]. We found
different quantities of differentially expressed transcripts for Ta0020 (78) and for Th0179 (6)
(Additional file 9: Table S9). For Ta0020, most of the upregulated transcripts under cellulose
growth (70) were associated with the crel group, including crel (p-value = 0) whereas xyrl
showed a potentially significant expression level under glucose growth (p-value = 0.05)
(Additional file 7: Table S10). However, for Th3844, crel showed a significant modulation in
expression (p-value = 0.03) between the two carbon sources, with a high expression level under
glucose growth (Additional file 7: Table S10). Even with the reduced differentiation shown (-
1.13), this phenomenon has already been considered by other studies [76-78]. For Th0179, xyrl
(p-value = 0.08) and crel (p-value = 0.27) showed no significant modulation in transcript
expression between growth under cellulose or glucose, but xyr/ had a higher transcript
expression level under glucose whereas crel under cellulose growth conditions (Additional file
7: Table S10). For Th3844, the same was observed for xyr! (p-value = 0.29) but with a higher
transcript expression level under glucose (Additional file 7: Table S10).

For Ta0020, the differentially expressed transcripts identified under cellulose growth in
the crel group included transcripts encoding CAZymes, sugar transporters, uncharacterized
proteins and proteins related to secondary metabolism. Under glucose growth conditions, few
differentially expressed transcripts were found. The differentially expressed transcripts
identified in the xyr/ group for ThO179 were not described yet as related to cellulose
degradation (Additional file 9: Table S9).

CAZymes, TFs and Transporters Distribution Among crel and xyrl Groups

Due to the importance of CAZymes, TFs and transporters for plant biomass degradation,
we sought transcripts encoding these types of proteins within the crel and xyr/ groups (Fig. 4).
Within the crel group, Ta0020 presented the highest number of transcripts encoding these

proteins (Fig. 4a). Between the T. harzianum strains, only ThO179 showed transcripts encoding
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TFs, transporters and CAZymes, whereas Th3844 presented transcripts encoding only
CAZymes (Fig. 4a).

a CRE1 b XYR1

TaQ020 Ta0020

Tho179 Tho179

Strains
Strains

Th3844 Th3844

0 5 10 15 20 25 [} 2 4 6 8 10

Number of transcripts Number of transcripts
B TFs M Transporters B CAZymes
Fig. 4. TFs, transporters and CAZymes comparison among strains and groups. Number of

transcripts encoding TFs, transporters and CAZymes for Ta0020, Th0179 and Th3844
distributed among crel (a) and xyrl (b) groups. TFs: Transcription factors; CAZymes:
Carbohydrate-active enzymes. Ta0020: T. atroviride CBMAI-0020; ThO179: T. harzianum
CBMAI-0179; Th3844: T. harzianum 10C-3844.

The number of transcripts encoding TFs, transporters and CAZymes associated with
xyrl were more distributed among all strains than those observed in the crel group (Fig. 4b).
However, comparing with the other two strains, Th0179 showed the highest number of TFs and
transporters. While, Th3844 presented the highest number of coexpressed CAZymes (Fig. 4b).

We also investigated transcripts encoding TFs, transporters and CAZymes within the
crel and xyrl subgroups for all analyzed strains. Within the crel subgroup, Th3844 did not
present transcripts encoding these types of proteins, whereas Th0179 presented transcripts
encoding CAZymes, TFs and transporters, and Ta0020 showed transcripts encoding TFs and
transporters. This profile was not observed in the xyr! subgroup, where Th3844 presented
transcripts encoding CAZymes, TFs and transporters; Th0179 presented transporters and TFs;
and Ta0020 presented a TF and a CAZyme.

CAZymes

Considering that hydrolytic enzymes play an important role in plant biomass
degradation, a deep investigation of the CAZymes present in the xyr/ and crel groups was
performed considering all strains. We identified the main CAZyme classes, such as

carbohydrate esterases (CEs), glycoside hydrolases (GHs), glycosyltransferases (GTs) and
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polysaccharide lyases (PLs) in these groups, and their profiles were compared to detect

similarities and differences between the strains (Fig. S).
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Fig. 5. Distribution of CAZyme families within crel and xyr1 groups for Trichoderma spp.
Classification of CAZyme families coexpressed with crel (a) and xyr! (b) for Th3844, Th0179
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and Ta0020 and quantification of each CAZyme family in the crel group for Ta0020 (¢) and
ThO179 (d) and in the xyr! group for Th3844 (e). PL: Polysaccharide lyases; GH: Glycoside
hydrolases; GT: Glycosyltransferases; CE: Carbohydrate esterases; Ta0020: T. atroviride
CBMAI-0020; Th0179: T. harzianum CBMAI-0179; Th3844: T. harzianum 10C-3844.

For the xyr/ and crel groups, the GH family was identified in all evaluated strains, with
different numbers (Fig. Sa, b). These enzymes constitute the main catalytic machinery for the
breakdown of glycosidic bonds between carbohydrate molecules [79]. Several GHs were also
identified during mycoparasitism process whose activities can be related to fungal cell wall
degradation in mycoparasites species of Trichoderma [80]. Most GHs related to mycoparasitic
activity were associated with crel in Ta0020 (Fig. Sc¢), which presented the highest number of
classified transcripts from the GH family for the crel group (Fig. Sa). Whereas Th0179 showed
transcripts encoding GHs (Fig. 5d), Th3844 presented only one encoding a GH28 coexpressed
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with crel. For the xyrl group, this last strain presented a higher number of transcripts from the
GH family (Fig. Se) than did Th0179 (GH16 and GH76) and Ta0020 (GH75).

In addition to GHs, the CE family is also important for the efficient enzymatic hydrolysis
of xylan [81] and was associated with the crel transcript in Ta0020 (Fig. Sc¢) and Th0179 (Fig.
S5d). The PL family, which cleaves certain activated glycosidic linkages in acidic
polysaccharides [82], was coexpressed with the xyr/ transcript in only Th3844 (Fig. Se). In the
crel group, GT family, which includes enzymes that act in the synthesis of the cell wall of
microorganisms by the transference of chemical groups [83], was present in only Th0179 (Fig.
Sa), while in the xyr/ group in Th3844 (Fig. Se) and Ta0020 (GT22).

To obtain more information about the hydrolytic enzymes associated with CRE1 and
XYRI1, we looked out for transcripts encoding CAZymes in the crel and xyrl subgroups.
Within the crel subgroup, Ta0020 and Th3844 did not show transcripts encoding CAZymes,
but we identified GT90 (THARO02_09987), GH23 (THARO02_00630) and CEI1
(THARO02_01920) transcripts in ThO179. In the xyr/ subgroup, Ta0020 presented a GT22
(TRIATDRAFT_129991) and Th3844 presented GHI18 (THARO02_04791), GH75
(THARO02_05160), PL8 (THARO02_00385) and GT (THARO02_10636) transcripts. Th0179 did

not present transcripts encoding CAZymes in this subgroup.

Transcription Factors

Considering that the induction or repression of the genes encoding CAZymes,
transporters and catabolic pathway enzymes needs the released monosaccharides and the action
of many TFs [40, 47], we sought transcripts encoding these regulators coexpressed with crel
and xyrl. ZnoCyse was the most abundant coexpressed for the strains that showed transcripts
encoding TFs in the crel and xyrl groups. In the crel group for Ta0020, the number of
transcripts encoding Zn2Cyse was higher than that observed for Th0179 (Fig. 6a). For the xyr/
group, both Th3844 and Th0179 produced many more transcripts encoding Zn2Cyse than
Ta0020 did (Fig. 6b). Most Zn>Cyse proteins also contain a fungal-specific TF domain, known
as the middle homology region, that has a proposed role in regulation [84]. We found transcripts
encoding this fungal domain for Ta0020 (Fig. 6a) and Th3844 (Fig. 6b) in the crel and xyrl
groups, respectively.

Transcripts encoding C2Hz, a TF that was already described involved in plant cell wall
depolymerization for filamentous fungi [46], were identified in the crel group for Ta0020 (Fig.
6a) and in the xyr/ group for T. harzianum strains (Fig. 6b). Furthermore, we found a transcript

encoding the SteA regulator, which is present in nearly all filamentous ascomycetes associated
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with the development and/or morphology of fungi [85], only in the xyrI group for Th0179 (Fig.
6b).

Considering that the gene regulation involved in plant biomass degradation is crucial,
we also investigated transcripts encoding TFs in the crel and xyrl subgroups. In the crel
subgroup, Ta0020 showed transcripts encoding ZnCyss (TRIATDRAFT_182375), C:H>
(TRIATDRAFT_36276), and a fungal-specific TF domain (TRIATDRAFT_258080). For
Th0179, we only found a transcript encoding a ZnCyss (THARO02_10668). Within the xyrl
subgroup, transcripts encoding Zn>Cyse were found for Th0179 (THARO02_01165 and
THARO02_07523) and for Th3844 (THARO02_02597), the latter of which also presented a CoH»
transcript (THARO02_02590).
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coexpressed with crel (c¢) and xyrl (d) for Th3844, Th0179 and Ta0020. Th3844: T. harzianum
10C-3844; Th0179: T. harzianum CBMAI-0179; Ta0020: T. atroviride CBMAI-0020.

Transporters

Transporters are also important players in the degradation of plant biomass. It is well
known that approximately 5% of the 7. reesei genome comprises genes that encode proteins
involved in transport [66]. Thus, we sought transcripts encoding transport proteins in the crel
and xyr! groups. For the crel group, Th3844 did not coexpress transcripts encoding transporters
(Fig. 6¢). On the other hand, this strain showed transcripts with a similar expression pattern as
xyrl (Fig. 6d). These transcripts encode ABC transporters, which act as ATP-driven
transporters for several substrates, including lipids, sugars, drugs, heavy metals, and auxin [49],
and also amino acid transporters, which probably constitutes a major nutritional source for all
fungi [86]. In addition, all strains presented transcripts encoding amino acid transporters
coexpressed with xyr/ in different amounts (Fig. 6d). For the crel group, only Th0179 showed
transcripts encoding this type of transport protein.

Another important class of protein transport involved in plant biomass degradation is
the MFS permeases. In filamentous fungi, these proteins transport a wide range of substrates
including small molecule inducers from the extracellular environment into the fungus, which
could influence the expression of CAZyme-encoding genes [78]. In the crel group, MES are
the most abundant proteins among the transporters for Ta0020 (Fig. 6¢). For the xyrl group,
only Th0179 showed transcripts encoding this type of protein transport (Fig. 6d).

Transcripts encoding ion transporters were present in the crel group (Fig. 6¢), including
transcripts for zinc-regulated transporter 1 (TRIATDRAFT_147496) and a magnesium ion
transporter (TRIATDRAFT_315729) for Ta0020 and for potassium transporter 8
(THARO02_02027) for Th0179. In the same way, transcripts encoding ion transporters were also
present in the xyrl group (Fig. 6d), such as transcripts for a Cd**Zn** transporter
(TRIATDRAFT_320571) for Ta0020 and for a Ca?* transporter (THAR02_01350) for Th0179.

In relation to the crel subgroup, for Ta0020, we found transcripts encoding an MFS
permease transporter (TRIATDRAFT_89305 and TRIATDRAFT_317997), whereas for
ThO179, a transcript encoding a potassium transporter (THARO02_02027) was found. In the xyr/
subgroup, transcripts encoded a Cd**Zn?* transporter (TRIATDRAFT_320571) for Ta0020, an
amino acid transporter (THARO02_07655) and a Ca** transporter (THAR02_01350) for Th0179
and ABC transporters (THAR02_04735 and THARO02_04149) for Th3844.
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Discussion

Due to the ability to mycoparasitize other fungi, 7. atroviride and T. harzianum are
widely used in agriculture as biocontrol agents against phytopathogens [87-89]. T. harzianum
has also demonstrated considerable enzymatic potential for application in the lignocellulosic
biomass hydrolysis [27, 90, 91]. However, the transcriptional regulation involved in the
expression of CAZyme-encoding genes in this species is still poorly explored when compared
to that of the major producer of cellulases, 7. reesei. In this study, we chose to investigate and
to compare the genetic mechanisms involved with XYR1- and CRE1-mediated gene regulation
in Trichoderma spp. For this, we used transcriptome data [55] for Th3844 and Th0179, both
mycoparasite strains with hydrolytic potential, and Ta0020, a common mycoparasite ancestor,
to model the gene coexpression networks for each. We used this RNA-Seq dataset since a
difference in gene expression among these three strains was established, showing that it was
possible to capture differences among them [55].

The diversification observed for CRE1 and XYRI1 inside Ascomycota may indicate a
high functional diversity for these proteins, which can reflect changes in their functions [92].
Furthermore, for both regulators, a differentiation process was observed for Ta0020 compared
to Th3844 and Th0179 among Trichoderma spp. These phylogenetic relationships may be
related to the different types of enzymatic performance previously reported, in which Ta0020
had a lower cellulase activity profile during growth on cellulose compared to 7. harzianum
strains [55].

Analyzing the gene coexpression data using a clustering method allowed us to identify
correlations among genes with similar expression patterns, which often indicates that they are
active in the same biological processes [51, 52, 93]. Our gene coexpression networks analysis
revealed that 7. harzianum and T. atroviride have developed different strategies related to gene
regulation involved in cellulose and hemicellulose degradation, which were already described
for other fungi [41, 76, 94-96]. We suggest that since Th3844 and Th0179 had a larger number
of transcripts associated with xyr/ than with crel, there were also more metabolic pathways
related to XYR1, the main cellulase and hemicellulase activator. At a more specific level, the
coexpression network topology of the subgroups exposed that the three strains presented
different profiles of coexpressed transcripts with xyr/ and crel, which were more accentuated
in T. atroviride.

Assuming that hubs are frequently more relevant to the functionality of networks than
other nodes are [47], they were sought out within the crel and xyrI groups, and new targets that

were coexpressed with the main regulators involved in cellulose degradation were discovered.
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Although transcripts encoding uncharacterized proteins were identified as potential hub nodes
in the xyrl groups, indicating their importance in the degradation process, characterized proteins
were found in the crel groups. Transcripts encoding proteins related to proteasome, which is a
highly sophisticated protease complex responsible for the degradation of the majority of
intracellular proteins [97]; oxidative phosphorylation, which is responsible for mitochondrial
ATP production related to the energy required for cell growth, differentiation, and development
[98]; and nucleoside import into fungal cells, which can be associated with nucleotide synthesis
via salvage pathways in cells lacking the capacity for de novo synthesis [99] were found to be
hubs in Th3844, Th0179 and Ta0020, respectively.

For Trichoderma spp., GO enrichment in the crel group showed that terms related to
lignocellulose breakdown and to regulation of gene expression were the main enriched terms.
For the xyrl group, all these terms or corelated terms were also enriched, except for hydrolase
activity, which was present in only Th3844. In a recent study, it was reported that several terms
related to lignocellulose breakdown were enriched in the xyr/ group for T. reesei RUT-C30
grown on bagasse or fructose as a carbon source [53]. Furthermore, XYR1 and CREI are zinc
finger proteins, which encompass a wide variety of compact protein domains stabilized by a
structural zinc ion [100]. Several classes of zinc finger motifs are present in TFs and act as parts
of DNA-binding and protein-protein interaction domains [101]. In the crel and xyrI groups, we
found transcripts enriched with metal ion binding and zinc ion binding, respectively. In this
way, we can suppose that transcripts encoding zinc finger proteins were coexpressed with them,
as we found.

To obtain more information about the metabolic pathways triggered by CREI and
XYRI in Trichoderma spp., we investigated the enzymatic activity in the crel and xyrl groups.
Our data showed high similarity between metabolic pathways triggered by both regulators
during cellulose degradation. However, comparing Ta0020 and Th0179, they had distinct
metabolic processes occurring within crel and xyr! groups, which suggests that these two TFs
have developed different functional regulation in each strain. In addition, the exclusive pathway
classes for Ta0020 were not related to the biomass degradation process. For instance, the
metabolism of terpenoids and polyketides, two secondary metabolite compounds involved in
the antibiosis process during mycoparasitic activity [102, 103], was identified.

We also investigated the expression profile of the transcripts within crel/ and xyrl
groups, including xyr/ and crel, for all evaluated strains under cellulose and glucose growth.
In 2016, Castro et al. (2016) observed that in the presence of glucose, the expression level of

the transcript xyr! for T. reesei was minimal [76]. Our findings did not show this for Ta0020.
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In this case, the xyr/ expression level was higher under glucose growth than under cellulose
growth. In addition, crel was upregulated in the presence of cellulose, which was not expected
due to the role of CRE] in the repression of cellulolytic and hemicellulolytic enzymes when an
easily metabolizable sugar, i.e., glucose, is available in the environment [46]. Conversely, the
crel expression level was higher in the presence of glucose than in the presence of cellulose for
Th3844. Upregulated transcripts within the crel group for Ta0020 were also not expected. Here
it is important to mention that the gene coexpression networks were modeled based on the
transcript expression level under two sets of conditions. Considering that expression of the crel/
transcript for Ta0020 was upregulated under cellulose growth, the expression of other
transcripts into crel group was also expected to be upregulated under these conditions, which
we found.

We also investigated the distribution of transcripts encoding CAZymes, TFs, and
transporters within the crel and xyrl groups among Trichoderma spp. Initially, it was believed
that CRE1 directly repressed the transcription of cellulase and hemicellulase genes when a
readily metabolizable carbon source was present in the medium [43]. While this remains
correct, studies in 7. reesei have demonstrated that CRE1 may also control genes related to
several other functions, and only a small number of CAZyme genes are direct targets of this TF
during CCR [77, 104, 105]. In this way, we did not expect to find transcripts encoding
CAZymes in crel groups. Herein, we had only a few transcripts encoding CAZymes in crel
groups for Th3844 and Th0179, whereas others encode proteins with diverse functions. In
relation to TFs and transporters, Antoniéto et al. (2014) observed that transcripts encoding these
proteins were strongly repressed by CREI1 [77] in T. reesei. Thus, we expected to find a large
number of transcripts encoding TFs and transporters coexpressed with the crel transcript for
all strains, but it was observed only for Ta0020, especially for the transcripts encoding proteins
related to transport.

Castro et al. (2016) demonstrated for 7. reesei that the expression of CAZymes, TFs,
and transporters were affected by the TF XYRI in the context of plant biomass degradation
[76]. Furthermore, Reithner et al. (2014) have suggested that XYR1 was also involved in the
mediation of the plant-fungus recognition processes in 7. atroviride [45]. It was also reported
that the role of XYRI differs strongly among ascomycete fungi [44]. We found transcripts
encoding CAZymes, TFs and transporters coexpressed with xyr/ for the three analyzed strains.
Although these transcripts were present in Ta0020, they may induce different mechanisms there

than in Th3844 and Th0179.
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Our results showed that 7. atroviride has an increased number of GHs coexpressed with
crel that are related to mycoparasitism and not to cellulose and hemicellulose degradation. For
instance, GH18, whose members have chitinase activity, is the largest family of CAZymes in
mycoparasitic Trichoderma species [80], whereas GH28, which is the main family involved in
the degradation of pectin [106], is also involved in mycoparasitism. Moreover, -glucanases
have been described for mycoparasitic species within Trichoderma spp. in GH families 55, 64
and 81 [58]. Among the CAZymes responsible for cellulose degradation, we found transcripts
encoding only GH5 and GH12, and for hemicellulose degradation, we found transcripts for only
CES, GH95 and GH43 [31].

Almeida et al. (2020) analyzed the main CAZyme classes detected in the transcriptome
of Th3844, Th0179 and Ta0020 under cellulose or glucose growth conditions. They found the
main CAZyme families responsible for cellulose and hemicellulose degradation for all analyzed
strains [55]. Herein, the transcripts encoding cellulases and hemicellulases were not found in
the crel and xyrl groups for T. harzianum. It is possible that the transcripts encoding these
hydrolytic enzymes were grouped in other formed groups within the coexpression networks,
mainly because their expression patterns were different from that observed for the transcripts
encoding XYR1 and CREI.

The production of cellulases and hemicellulases in 7. reesei occurs by activation of gene
expression via specific inducers in balance with the repression of gene expression via CCR [47].
The sensing of inducers starts a signaling pathway resulting in the activation of TFs, which is
followed by the production of plant biomass-degrading enzymes and the activation of metabolic
pathways to use the accumulating sugar monomers [46, 107]. Transporters also have an
important role in the utilization of lignocellulose by fungi, promoting the transport of molecules
between the intracellular and extracellular spaces and, consequently, controlling CAZyme-
encoding gene expression [108]. For 7. reesei, MFS, amino acids and ABC transporters were
modulated by XYR1 and CRE1 [76, 77, 104]. Our results suggest that the expression of
transporters and TFs during cellulose degradation was affected by XYR1 in 7. harzianum, as it
was demonstrated for 7. reesei [76]. In addition, T. harzianum and T. atroviride developed
different strategies related to the import of molecules from the environment that can influence
the production of plant cell wall-degrading enzymes, which may result in contrasting enzymatic

performances during cellulose degradation.

Conclusions
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Our results propose that the coexpressed transcripts with xyr/ and crel are different for
each strain and suggest that different strategies related to XYR1 and CREI1 are used by
Trichoderma spp. during cellulose degradation and glucose metabolization. It was observed that
the transcripts encoding CAZymes related to cellulose and hemicellulose degradation in 7.
harzianum are not necessarily coexpressed with the TFs studied herein. Taken together, our
findings provide new insights into transcripts coexpressed with XYR1 and CREl in T.
harzianum strains, which could be the target of new studies to evaluate their role in
lignocellulose degradation. Finally, our results can contribute to a better understanding of the
genetic mechanisms involved in hydrolytic enzyme regulation for mycoparasite Trichoderma
species. This will be important to expand the potential of 7. harzianum not only in the

development of better enzyme cocktails but also in many other industrial applications.

Additional files

Additional file 1: Table S1. Description of the species used for the phylogenetic analysis of
the transcription factors CRE1 and XYR1 in Ascomycota.

Additional file 2: Table S2. Filtered transcripts used to model the gene coexpression networks
among Trichoderma spp.

Additional file 3: Table S3. Transcripts identified in the cluster analysis of gene coexpression
networks of Trichoderma spp.

Additional file 4: Table S4. Transcripts identified as coexpressed with crel and xyrl in gene
coexpression networks of Trichoderma spp.

Additional file 5: Table S5. Subgroups identified among crel and xyr!/ groups using the
MCODE methodology for all evaluated strains.

Additional file 6: Table S6. Subgroups identified among the crel and xyrl groups using the
Louvain algorithm for all evaluated strains.

Additional file 7: Table S7. Number of transcripts coexpressed in each subgroup formed from
crel and xyrl groups for Trichoderma spp. and its corresponding color. Fig. S1. Venn diagrams
of pathway classes shared between Trichoderma spp. with expression levels associated with
crel (a) and xyrl (b) transcript levels. Table 10. Expression values in TPM of crel and xyrl
for Trichoderma spp. under cellulose and glucose growth conditions.

Additional file 8: Table S8. Hubs identified within the crel and xyrl groups of Trichoderma
spp-

Additional file 9: Table S9. Differentially expressed transcripts established in the crel and

xyrl groups for all evaluated strains.



59

List of Abbreviations

1G ethanol: First-Generation Ethanol; 2G ethanol: Second-Generation Ethanol; ABC: ATP-
binding cassette; CAZymes: Carbohydrate-Active Enzymes; CBMAI: Brazilian Collection of
Environment and Industry Microorganisms; CCR: Carbon Catabolite Repression; CEs:
Carbohydrate Esterases; CNT: Concentrative Nucleoside Transporter; CPQBA: Chemical,
Biological and Agricultural Pluridisciplinary Research Center; CRE1: Carbon Catabolite
Repressor 1; GHs: Glycoside Hydrolases; GO: Gene Ontology; GTs: Glycosyltransferases;
JTT: Jones-Taylor-Thornton; KEGG: Kyoto Encyclopedia of Genes and Genomes; KO:
KEGG Orthology; LPMOs: Lytic Polysaccharides Monooxygenases; MCODE: Molecular
Complex Detection; MEGA: Molecular Evolutionary Genetics Analysis; MFS: Major
Facilitator Superfamily; MRP: Mitochondrial Ribosomal Protein; ML: Maximum Likelihood;
PLs: Polysaccharide Lyases; RNA-Seq: RNA Sequencing; Ta0020: Trichoderma atroviride
CBMAI-0020; TFs: Transcription Factors; Th0179: Trichoderma harzianum CBMAI-0179;
Th3844: Trichoderma harzianum 10C-3844; TPM: Transcripts Per Million; UNICAMP:
University of Campinas; WGCNA: Weighted Gene Coexpression Network Approach; XYR1:
Xylanase Regulator 1.

Declarations

Ethics approval and consent to participate

Not applicable

Consent for publication

Not applicable

Availability of data and materials
The datasets generated and/or analyzed during this study are included in this published article
as Additional files 1, 2, 3,4, 5, 6,7, 8 and 9.

Competing interests
The authors declare that they have no competing interests.

Funding



60

This work was supported by grants from the Funda¢do de Amparo a Pesquisa do Estado de Sao
Paulo (FAPESP 2015/09202-0, 2018/19660-4), the Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES) Computational Biology Program and the Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq). RRR received a partial MS
fellowship from the CAPES Computational Biology Program (88887.176241/2018-00) and
partial support from CAPES — PROEX (88882.329483/2019-01); AHA received a PhD from
the FAPESP (2019/03232-6); DAA received a partial MS fellowship from the FAPESP
(2017/17782-2) and partial support from the CAPES Computational Biology Program
(88887.336686/2019-00); JAFF received a PhD fellowship from the CNPq (170565/2017-3)
and a PhD fellowship from the CAPES (CBP — 88887.334235/2019-00); MACH received a PD
fellowship from FAPESP (2018/18856-1); and APS is the recipient of a research fellowship
from the CNPq.

Author contributions

RRR and APS conceived and designed the study. JAFF contributed to the study performance.
RRR, AHA and DAA performed the data analysis. MACH designed and achieved the
fermentation experiments. RRR and AHA drafted the manuscript, which was critically revised

by DAA, JAFF and APS. All authors read and approved the final manuscript.

Acknowledgments

We would like to acknowledge funding from the Fundacdo de Amparo a Pesquisa do Estado de
Sado Paulo (FAPESP 2015/09202-0 and 2018/19660-4), the Coordena¢do de Aperfeigoamento
de Pessoal de Nivel Superior (CAPES, Computational Biology Program) and the Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq). We thank the Brazilian
Biorenewables National Laboratory (LNBR), Campinas — SP, for conducting the fermentation
experiments and the Center of Molecular Biology and Genetic Engineering (CBMEG) at the

University of Campinas, SP, for the center and laboratory space.



61

References

1.

10.

11.

Gupta A, Verma JP: Sustainable bio-ethanol production from agro-residues: A
review. Renewable and Sustainable Energy Reviews 2015, 41:550-567.

Kucharska K, Stupek E, Cieslinski H, Kaminski M: Advantageous conditions of
saccharification of lignocellulosic biomass for biofuels generation via fermentation
processes. Chemical Papers 2019.

Sharma HK, Xu C, Qin W: Biological Pretreatment of Lignocellulosic Biomass for
Biofuels and Bioproducts: An Overview. Waste and Biomass Valorization 2019,
10:235-251.

Association RF: Renewable Fuels Association. 2019.

Alonso Pippo W, Luengo CA, Alonsoamador Morales Alberteris L, Garzone P,
Cornacchia G: Energy Recovery from Sugarcane-Trash in the Light of 2nd
Generation Biofuels. Part 1: Current Situation and Environmental Aspects. Waste
and Biomass Valorization 2011, 2:1-16.

Sun JX, Sun XF, Sun RC, Su YQ: Fractional extraction and structural
characterization of sugarcane bagasse hemicelluloses. Carbohydrate Polymers 2004,
56:195-204.

Méndez J, Passos DdF, Wischral D, Modesto LF, Pereira N: Second-generation
ethanol production by separate hydrolysis and fermentation from sugarcane
bagasse with cellulose hydrolysis using a customized enzyme cocktail. Biofuels
2019:1-7.

Robak K, Balcerek M: Review of Second Generation Bioethanol Production from
Residual Biomass. Food technology and biotechnology 2018, 56:174-187.

Ruchala J, Kurylenko OO, Dmytruk KV, Sibirny AA: Construction of advanced
producers of first- and second-generation ethanol in Saccharomyces cerevisiae and
selected species of non-conventional yeasts (Scheffersomyces stipitis, Ogataea
polymorpha). Journal of Industrial Microbiology & Biotechnology 2019.

Ferreira JA, Brancoli P, Agnihotri S, Bolton K, Taherzadeh MJ: A review of
integration strategies of lignocelluloses and other wastes in 1st generation
bioethanol processes. Process Biochemistry 2018, 75:173-186.

Alvira P, Negro MJ, Ballesteros M: Effect of endoxylanase and a-l-
arabinofuranosidase supplementation on the enzymatic hydrolysis of steam

exploded wheat straw. Bioresource Technology 2011, 102:4552-4558.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

62

Le Costaouéc T, Pakarinen A, Varnai A, Puranen T, Viikari L: The role of
carbohydrate binding module (CBM) at high substrate consistency: Comparison
of Trichoderma reesei and Thermoascus aurantiacus Cel7A (CBHI) and Cel5A
(EGII). Bioresource Technology 2013, 143:196-203.

Bomble YJ, Lin C-Y, Amore A, Wei H, Holwerda EK, Ciesielski PN, Donohoe BS,
Decker SR, Lynd LR, Himmel ME: Lignocellulose deconstruction in the biosphere.
Current Opinion in Chemical Biology 2017, 41:61-70.

Sartori T, Tibolla H, Prigo E, Colla LM, Costa JAV, Bertolin TE: Enzymatic
saccharification of lignocellulosic residues by cellulases obtained from solid state
fermentation using Trichoderma viride. BioMed Research International 2015.
Peciulyte A, Pisano M, de Vries RP, Olsson L: Hydrolytic potential of five fungal
supernatants to enhance a commercial enzyme cocktail. Biotechnology letters 2017,
39:1403-1411.

Zafra G, Cortés-Espinosa DV: Biodegradation of polycyclic aromatic hydrocarbons
by Trichoderma species: a mini review. Environmental Science and Pollution
Research 2015, 22:19426-19433.

Bischof RH, Ramoni J, Seiboth B: Cellulases and beyond: the first 70 years of the
enzyme producer Trichoderma reesei. Microbial Cell Factories 2016, 15:106.
Sridevi A, Ramanjaneyulu G, Suvarnalatha Devi P: Biobleaching of paper pulp with
xylanase produced by Trichoderma asperellum. 3 Biotech 2017, 7:266-266.

Kumar M, Ashraf S: Role of Trichoderma spp. as a Biocontrol Agent of Fungal Plant
Pathogens. In Probiotics and Plant Health. Edited by Kumar V, Kumar M, Sharma S,
Prasad R. Singapore: Springer Singapore; 2017: 497-506

Peterson R, Nevalainen H: Trichoderma reesei RUT-C30 — thirty years of strain
improvement. Microbiology 2012, 158:58-68.

Mukherjee AK, Sampath Kumar A, Kranthi S, Mukherjee PK: Biocontrol potential of
three novel Trichoderma strains: isolation, evaluation and formulation. 3 Biotech
2014, 4:275-281.

Atanasova L, Crom SL, Gruber S, Coulpier F, Seidl-Seiboth V, Kubicek CP, Druzhinina
IS:  Comparative transcriptomics reveals different strategies of
Trichodermamycoparasitism. BMC Genomics 2013, 14:121.

Druzhinina IS, Kopchinskiy AG, Kubicek CP: The first 100 Trichoderma species
characterized by molecular data. Mycoscience 2006, 47:55.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

63

Chaverri P, Samuels GJ, Stewart EL: Hypocrea virens sp. nov., the Teleomorph of
Trichoderma virens. Mycologia 2001, 93:1113-1124.

Dodd SL, Lieckfeldt E, Samuels GJ: Hypocrea atroviridis sp. nov., the teleomorph
of Trichoderma atroviride. Mycologia 2003, 95:27-40.

Druzhinina IS, Kubicek CP, Komon-Zelazowska M, Mulaw TB, Bissett J: The
Trichoderma harzianum demon: complex speciation history resulting in
coexistence of hypothetical biological species, recent agamospecies and numerous
relict lineages. BMC Evolutionary Biology 2010, 10:94.

Horta MAC, Vicentini R, Delabona PdS, Laborda P, Crucello A, Freitas S, Kuroshu
RM, Polikarpov I, Pradella JGAC, Souza AP: Transcriptome profile of Trichoderma
harzianum 10C-3844 induced by sugarcane bagasse. PloS one 2014, 9:e88689-
€88689.

Li J-X, Zhang F, Li J, Zhang Z, Bai F-W, Chen J, Zhao X-Q: Rapid production of
lignocellulolytic enzymes by Trichoderma harzianum L.Z117 isolated from Tibet
for biomass degradation. Bioresource technology 2019, 292:122063.

Santos CA, Ferreira-Filho JA, O’Donovan A, Gupta VK, Tuohy MG, Souza AP:
Production of a recombinant swollenin from Trichoderma harzianum in
Escherichia coli and its potential synergistic role in biomass degradation. Microbial
Cell Factories 2017, 16:83.

Santos CA, Morais MAB, Terrett OM, Lyczakowski JJ, Zanphorlin LM, Ferreira-Filho
JA, Tonoli CCC, Murakami MT, Dupree P, Souza AP: An engineered GH1 f-
glucosidase displays enhanced glucose tolerance and increased sugar release from
lignocellulosic materials. Scientific Reports 2019, 9:4903.

Ferreira Filho JA, Horta MAC, Beloti LL, dos Santos CA, de Souza AP: Carbohydrate-
active enzymes in Trichoderma harzianum: a bioinformatic analysis
bioprospecting for key enzymes for the biofuels industry. BMC Genomics 2017,
18:779.

Crucello A, Sfor¢a DA, Horta MAC, dos Santos CA, Viana AJC, Beloti LL, de Toledo
MAS, Vincentz M, Kuroshu RM, de Souza AP: Analysis of Genomic Regions of
Trichoderma harzianum 10C-3844 Related to Biomass Degradation. PLOS ONE
2015, 10:e0122122.

Binod P, Gnansounou E, Sindhu R, Pandey A: Enzymes for second generation
biofuels: Recent developments and future perspectives. Bioresource Technology

Reports 2019, 5:317-325.



34.

35.

36.

37.

38.

39.

40.

41.

42.

64

Quinlan RJ, Sweeney MD, Lo Leggio L, Otten H, Poulsen J-CN, Johansen KS, Krogh
KBRM, Jgrgensen CI, Tovborg M, Anthonsen A, et al: Insights into the oxidative
degradation of cellulose by a copper metalloenzyme that exploits biomass
components. Proceedings of the National Academy of Sciences of the United States of
America 2011, 108:15079-15084.

Saloheimo M, Paloheimo M, Hakola S, Pere J, Swanson B, Nyyssonen E, Bhatia A,
Ward M, Penttili M: Swollenin, a Trichoderma reesei protein with sequence
similarity to the plant expansins, exhibits disruption activity on cellulosic
materials. European Journal of Biochemistry 2002, 269:4202-4211.

Lombard V, Golaconda Ramulu H, Drula E, Coutinho PM, Henrissat B: The
carbohydrate-active enzymes database (CAZy) in 2013. Nucleic acids research
2014, 42:D490-D495.

Castro LdS, Antoniéto ACC, Pedersoli WR, Silva-Rocha R, Persinoti GF, Silva RN:
Expression pattern of cellulolytic and xylanolytic genes regulated by
transcriptional factors XYR1 and CRE1 are affected by carbon source in
Trichoderma reesei. Gene Expression Patterns 2014, 14:88-95.

Amore A, Giacobbe S, Faraco V: Regulation of cellulase and hemicellulase gene
expression in fungi. Current genomics 2013, 14:230-249.

Dashtban M, Buchkowski R, Qin W: Effect of different carbon sources on cellulase
production by Hypocrea jecorina (Trichoderma reesei) strains. International
Journal of biochemistry and molecular biology 2011, 2:274-286.

Portnoy T, Margeot A, Seidl-Seiboth V, Le Crom S, Ben Chaabane F, Linke R, Seiboth
B, Kubicek CP: Differential regulation of the cellulase transcription factors XYRI1,
ACE2, and ACE1 in Trichoderma reesei strains producing high and low levels of
cellulase. Eukaryotic cell 2011, 10:262-271.

Stricker AR, Grosstessner-Hain K, Wiirleitner E, Mach RL: Xyr1 (xylanase regulator
1) regulates both the hydrolytic enzyme system and D-xylose metabolism in
Hypocrea jecorina. Eukaryotic cell 2006, 5:2128-2137.

Portnoy T, Margeot A, Linke R, Atanasova L, Fekete E, Sdndor E, Hartl L, Karaffa L,
Druzhinina IS, Seiboth B, et al: The CRE1 carbon catabolite repressor of the fungus
Trichoderma reesei: a master regulator of carbon assimilation. BMC genomics

2011, 12:269-2609.



43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

65

Strauss J, Mach RL, Zeilinger S, Hartler G, Stoffler G, Wolschek M, Kubicek CP: Crel,
the carbon catabolite repressor protein from Trichoderma reesei. FEBS Letters
1995, 376:103-107.

Klaubauf S, Narang HM, Post H, Zhou M, Brunner K, Mach-Aigner AR, Mach RL,
Heck AJR, Altelaar AFM, de Vries RP: Similar is not the same: Differences in the
function of the (hemi-)cellulolytic regulator XInR (XIr1/Xyr1) in filamentous fungi.
Fungal Genetics and Biology 2014, 72:73-81.

Reithner B, Mach-Aigner AR, Herrera-Estrella A, Mach RL: Trichoderma atroviride
transcriptional regulator Xyrl supports the induction of systemic resistance in
plants. Applied and environmental microbiology 2014, 80:5274-5281.

Benocci T, Aguilar-Pontes MV, Zhou M, Seiboth B, de Vries RP: Regulators of plant
biomass degradation in ascomycetous fungi. Biotechnology for biofuels 2017,
10:152-152.

Alazi E, Ram AFJ: Modulating Transcriptional Regulation of Plant Biomass
Degrading Enzyme Networks for Rational Design of Industrial Fungal Strains.
Frontiers in bioengineering and biotechnology 2018, 6:133-133.

Shida Y, Furukawa T, Ogasawara W: Deciphering the molecular mechanisms behind
cellulase production in Trichoderma reesei, the hyper-cellulolytic filamentous
fungus. Bioscience, Biotechnology, and Biochemistry 2016, 80:1712-1729.

de Paula RG, Antoniéto ACC, Ribeiro LFC, Carraro CB, Nogueira KMV, Lopes DCB,
Silva AC, Zerbini MT, Pedersoli WR, Costa MdN, Silva RN: New Genomic
Approaches to Enhance Biomass Degradation by the Industrial Fungus
Trichoderma reesei. International Journal of Genomics 2018, 2018:17.

Zhang F, Bunterngsook B, Li J-X, Zhao X-Q, Champreda V, Liu C-G, Bai F-W:
Chapter Three - Regulation and production of lignocellulolytic enzymes from
Trichoderma reesei for biofuels production. In Advances in Bioenergy. Volume 4.
Edited by Li Y, Ge X: Elsevier; 2019: 79-119

van Dam S, Vdsa U, van der Graaf A, Franke L, de Magalhaes JP: Gene co-expression
analysis for functional classification and gene-disease predictions. Briefings in
bioinformatics 2018, 19:575-592.

Pirim H: Construction of Gene Networks Using Expression Profiles. In Soft
Computing for Biological Systems. Edited by Purohit HJ, Kalia VC, More RP.
Singapore: Springer Singapore; 2018: 67-89



53.

54.

55.

56.

57.

38.

59.
60.

61.

62.

63.

66

Borin GP, Carazzolle MF, dos Santos RAC, Riafio-Pachén DM, Oliveira JVdC: Gene
Co-expression Network Reveals Potential New Genes Related to Sugarcane
Bagasse Degradation in Trichoderma reesei RUT-30. Frontiers in Bioengineering
and Biotechnology 2018, 6.

Horta MAC, Filho JAF, Murad NF, de Oliveira Santos E, dos Santos CA, Mendes JS,
Branddao MM, Azzoni SF, de Souza AP: Network of proteins, enzymes and genes
linked to biomass degradation shared by Trichoderma species. Scientific Reports
2018, 8:1341.

Almeida DA, Horta MAC, Ferreira Filho JA, Murad NF, de Souza AP: The synergistic
actions of hydrolytic genes in coexpression networks reveal the potential of
Trichoderma harzianum for cellulose degradation. bioRxiv
2020:2020.2001.2014.906529.

Bolger AM, Lohse M, Usadel B: Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 2014, 30:2114-2120.

Baroncelli R, Piaggeschi G, Fiorini L, Bertolini E, Zapparata A, P¢ ME, Sarrocco S,
Vannacci G: Draft Whole-Genome Sequence of the Biocontrol Agent Trichoderma
harzianum T6776. Genome announcements 2015, 3:¢00647-00615.

Kubicek CP, Herrera-Estrella A, Seidl-Seiboth V, Martinez DA, Druzhinina IS, Thon
M, Zeilinger S, Casas-Flores S, Horwitz BA, Mukherjee PK, et al: Comparative
genome sequence analysis underscores mycoparasitism as the ancestral life style of
Trichoderma. Genome Biology 2011, 12:R40.

CLC: Genomics Workbench (QIAGEN). 6.5.2 edition. Aarhus, Denmark; 2016.
Thompson JD, Higgins DG, Gibson TJ: CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-
specific gap penalties and weight matrix choice. Nucleic acids research 1994,
22:4673-4680.

Kumar S, Stecher G, Tamura K: MEGA7: Molecular Evolutionary Genetics Analysis
Version 7.0 for Bigger Datasets. Molecular Biology and Evolution 2016, 33:1870-
1874.

Jones DT, Taylor WR, Thornton JM: The rapid generation of mutation data matrices
from protein sequences. Bioinformatics 1992, 8:275-282.

Felsenstein J: Confidence Limits on Phylogenies: An Approach Using the
Bootstrap. Evolution 1985, 39:783-791.



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

67

Langfelder P, Horvath S: WGCNA: an R package for weighted correlation network
analysis. BMC Bioinformatics 2008, 9:559.

Team RC: R: A language and environment for statistical computing. In R
Foundation for Statistical Computing. Vienna, Austria; 2018.

Langfelder P, Zhang B, Horvath S: Defining clusters from a hierarchical cluster tree:
the Dynamic Tree Cut package for R. Bioinformatics 2007, 24:719-720.

Sanner MF: Python: a programming language for software integration and
development. Journal of molecular graphics & modelling 1999, 17:57-61.

Hagberg A, Swart P, S Chult D: Exploring network structure, dynamics, and
function using networkx. In; 2008-01-01; United States. 2008

Blondel VD, Guillaume J-L, Lambiotte R, Lefebvre E: Fast unfolding of communities
in large networks. Journal of Statistical Mechanics: Theory and Experiment 2008,
2008:P10008.

Bader GD, Hogue CWV: An automated method for finding molecular complexes in
large protein interaction networks. BMC Bioinformatics 2003, 4:2.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP, Dolinski
K, Dwight SS, Eppig JT, et al: Gene Ontology: tool for the unification of biology.
Nature Genetics 2000, 25:25-29.

Kanehisa M, Goto S: KEGG: kyoto encyclopedia of genes and genomes. Nucleic
acids research 2000, 28:27-30.

Supek F, Bosnjak M, Skunca N, Smuc T: REVIGO Summarizes and Visualizes Long
Lists of Gene Ontology Terms. PLOS ONE 2011, 6:e21800.

Cock PJA, Antao T, Chang JT, Chapman BA, Cox CJ, Dalke A, Friedberg I, Hamelryck
T, Kauff F, Wilczynski B, de Hoon MJL: Biopython: freely available Python tools
for computational molecular biology and bioinformatics. Bioinformatics 2009,
25:1422-1423.

Mukaka MM: Statistics corner: A guide to appropriate use of correlation coefficient
in medical research. Malawi medical journal : the journal of Medical Association of
Malawi 2012, 24:69-71.

dos Santos Castro L, de Paula RG, Antoniéto ACC, Persinoti GF, Silva-Rocha R, Silva
RN: Understanding the Role of the Master Regulator XYR1 in Trichoderma reesei
by Global Transcriptional Analysis. Frontiers in Microbiology 2016, 7.

Antoniéto ACC, dos Santos Castro L, Silva-Rocha R, Persinoti GF, Silva RN: Defining

the genome-wide role of CRE1 during carbon catabolite repression in



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

68

Trichoderma reesei using RNA-Seq analysis. Fungal Genetics and Biology 2014,
73:93-103.

Antoniéto ACC, de Paula RG, Castro LDS, Silva-Rocha R, Persinoti GF, Silva RN:
Trichoderma reesei CRE1-mediated Carbon Catabolite Repression in Re-sponse
to Sophorose Through RNA Sequencing Analysis. Current genomics 2016, 17:119-
131.

Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Henrissat B: The
Carbohydrate-Active EnZymes database (CAZy): an expert resource for
Glycogenomics. Nucleic acids research 2009, 37:D233-D238.

Gruber S, Seidl-Seiboth V: Self versus non-self: fungal cell wall degradation in
Trichoderma. Microbiology 2012, 158:26-34.

Malgas S, Mafa MS, Mkabayi L, Pletschke BI: A mini review of xylanolytic enzymes
with regards to their synergistic interactions during hetero-xylan degradation.
World Journal of Microbiology and Biotechnology 2019, 35:187.

Linhardt RJ, Galliher PM, Cooney CL: Polysaccharide lyases. Applied Biochemistry
and Biotechnology 1987, 12:135-176.

Ardevol A, Rovira C: Reaction Mechanisms in Carbohydrate-Active Enzymes:
Glycoside Hydrolases and Glycosyltransferases. Insights from ab Initio Quantum
Mechanics/Molecular Mechanics Dynamic Simulations. Journal of the American
Chemical Society 2015, 137:7528-7547.

MacPherson S, Larochelle M, Turcotte B: A fungal family of transcriptional
regulators: the zinc cluster proteins. Microbiology and molecular biology reviews :
MMBR 2006, 70:583-604.

Todd RB, Zhou M, Ohm RA, Leeggangers HACF, Visser L, de Vries RP: Prevalence
of transcription factors in ascomycete and basidiomycete fungi. BMC Genomics
2014, 15:214.

Gournas C, Prévost M, Krammer E-M, André B: Function and Regulation of Fungal
Amino Acid Transporters: Insights from Predicted Structure. In Yeast Membrane
Transport. Edited by Ramos J, Sychrova H, Kschischo M. Cham: Springer International
Publishing; 2016: 69-106

Brunner K, Zeilinger S, Ciliento R, Woo SL, Lorito M, Kubicek CP, Mach RL:
Improvement of the fungal biocontrol agent Trichoderma atroviride to enhance
both antagonism and induction of plant systemic disease resistance. Applied and

environmental microbiology 2005, 71:3959-3965.



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

69

Abdel-Fattah GM, Shabana YM, Ismail AE, Rashad YM: Trichoderma harzianum: a
biocontrol agent against Bipolaris oryzae. Mycopathologia 2007, 164:81-89.

Adnan M, Islam W, Shabbir A, Khan KA, Ghramh HA, Huang Z, Chen HYH, Lu G-d:
Plant defense against fungal pathogens by antagonistic fungi with Trichoderma in
focus. Microbial Pathogenesis 2019, 129:7-18.

Delabona PdS, Farinas CS, da Silva MR, Azzoni SF, Pradella JGdC: Use of a new
Trichoderma harzianum strain isolated from the Amazon rainforest with
pretreated sugar cane bagasse for on-site cellulase production. Bioresource
Technology 2012, 107:517-521.

da Silva Delabona P, Rodrigues GN, Zubieta MP, Ramoni J, Codima CA, Lima DJ,
Farinas CS, da Cruz Pradella JG, Seiboth B: The relation between xyrl
overexpression in Trichoderma harzianum and sugarcane bagasse
saccharification performance. Journal of Biotechnology 2017, 246:24-32.

Te Velthuis AJW, Bagowski CP: Linking fold, function and phylogeny: a
comparative genomics view on protein (domain) evolution. Current genomics 2008,
9:88-96.

Eisen MB, Spellman PT, Brown PO, Botstein D: Cluster analysis and display of
genome-wide expression patterns. Proceedings of the National Academy of Sciences
of the United States of America 1998, 95:14863-14868.

van Peij NN, Gielkens MM, de Vries RP, Visser J, de Graaff LH: The transcriptional
activator XInR regulates both xylanolytic and endoglucanase gene expression in
Aspergillus niger. Applied and environmental microbiology 1998, 64:3615-3619.
Kowalczyk JE, Benoit I, de Vries RP: Chapter Two - Regulation of Plant Biomass
Utilization in Aspergillus. In Advances in Applied Microbiology. Volume 88. Edited
by Sariaslani S, Gadd GM: Academic Press; 2014: 31-56

Sun J, Tian C, Diamond S, Glass NL: Deciphering transcriptional regulatory
mechanisms associated with hemicellulose degradation in Neurospora crassa.
Eukaryotic cell 2012, 11:482-493.

Tanaka K: The proteasome: overview of structure and functions. Proceedings of the
Japan Academy Series B, Physical and biological sciences 2009, 85:12-36.

Sylvester JE, Fischel-Ghodsian N, Mougey EB, O'Brien TW: Mitochondrial
ribosomal proteins: Candidate genes for mitochondrial disease. Genetics in

Medicine 2004, 6:73-80.



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

70

Gray JH, Owen RP, Giacomini KM: The concentrative nucleoside transporter
family, SLL.C28. Pfliigers Archiv 2004, 447:728-734.

Hanas JS, Larabee JL, Hocker JR: Zinc Finger Interactions with Metals and Other
Small Molecules. In Zinc Finger Proteins: From Atomic Contact to Cellular Function.
Edited by Iuchi S, Kuldell N. Boston, MA: Springer US; 2005: 39-46

Takatsuji H: Zinc-finger transcription factors in plants. Cellular and Molecular Life
Sciences CMLS 1998, 54:582-596.

Sivasithamparam KG, Emilio.: Secondary metabolism in Trichoderma and
Gliocladium. In Trichoderma and Gliocladium. Volume 1. Edited by Harman. CPKGE.
London, UK; 1998: pp. 139-191

Mukherjee PK, Nautiyal CS, Mukhopadhyay AN: Molecular Mechanisms of
Biocontrol by Trichoderma spp. In Molecular Mechanisms of Plant and Microbe
Coexistence. Edited by Nautiyal CS, Dion P. Berlin, Heidelberg: Springer Berlin
Heidelberg; 2008: 243-262

Antoniéto ACC, de Paula RG, Castro LDS, Silva-Rocha R, Persinoti GF, Silva RN:
Trichoderma reesei CRE1-mediated Carbon Catabolite Repression in Response to
Sophorose Through RNA Sequencing Analysis. Current genomics 2016,17:119-131.
Portnoy T, Margeot A, Linke R, Atanasova L, Fekete E, Sandor E, Hartl L, Karaffa L,
Druzhinina IS, Seiboth B, et al: The CRE1 carbon catabolite repressor of the fungus
Trichoderma reesei: a master regulator of carbon assimilation. BMC Genomics
2011, 12:269.

Martens-Uzunova ES, Schaap PJ: Assessment of the pectin degrading enzyme
network of Aspergillus niger by functional genomics. Fungal Genetics and Biology
2009, 46:S170-S179.

de Vries RP, Visser J: Aspergillus enzymes involved in degradation of plant cell wall
polysaccharides. Microbiology and molecular biology reviews : MMBR 2001, 65:497-
522.

Nogueira KMV, de Paula RG, Antoniéto ACC, dos Reis TF, Carraro CB, Silva AC,
Almeida F, Rechia CGV, Goldman GH, Silva RN: Characterization of a novel sugar
transporter involved in sugarcane bagasse degradation in Trichoderma reesei.

Biotechnology for Biofuels 2018, 11:84.



71

Material suplementar
a Ta0020 b Ta0020

Th3844 Th0179 Th3844 Th0179

CRE1 XYR1
Additional file 7: Fig. S1. Venn diagrams of pathway classes shared between Trichoderma

spp. with expression levels associated with crel (a) and xyr! (b) transcript levels.
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Additional file 7: Table S7. Number of transcripts coexpressed in each subgroup formed from

crel and xyrl groups for Trichoderma spp. and its corresponding color.

crel xyrl
Number of Number of
Subgroup Color Subgroup Color
transcripts transcripts
Jungle Jungle
Th3844 1.0 21 4.0 64
green green
Lime
1.1 13 Purple 4.1 54
green
1.2 15 Yellow 4.2 49 Grey
1.3 4 Grey - - -
Jungle Jungle
Th0179 2.0 41 5.0 46
green green
Lime
2.1 21 Purple 5.1 58
green
2.2 44 Yellow 5.2 49 Grey
23 8 Grey - - -
Elements
2 - - - -
disconnected
Jungle Jungle
Ta0020 3.0 65 6.1 6
green green
3.1 73 Orange 6.2 7 Purple
34 47 Beige 6.4 7 Beige
3.5 50 Grey 6.5 10 Grey
Elements Elements
16 - 20 -
disconnected disconnected
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Additional file 7: Table S10. Expression values in TPM of crel and xyr! for Trichoderma spp.

under cellulose and glucose growth conditions.

Strain Gene ID Protein FC value Cellulose Glucose
product values P TPM TPM
THARO02 KKO971
Th0179 10775 31 1,041 0,271 906,063 854,791
THARO02 KKO971
Th3844 10775 31 -1,136 0,035 519,282 598,932 crel
TRIATD
Ta0020 RAFT 3 XP_0139 2,096 0,000 1136,938 537,489
- 41427.1
01116
THARO02 KKO986
Th0179 09260 30.1 -1,525 0,080 38,444 57,553
THARO02 KKO986
Th3844 09260 30.1 1,225 0,291 89,359 74,078 xyrl
TRIATD
Ta0020 RAFT 7 )fl);gé 319 -1,649 0,056 23,978 39,190

8601
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S. RESULTADOS COMPLEMENTARES

Foi realizado o estudo in vitro de proteinas produzidas por 7. harzianum 10C-3844
relacionadas ao processo de hidrélise enzimatica da biomassa vegetal. Para tanto, foi escolhida

como alvo uma endo-xilanase da familia GH11 com dominio CBM.

Expressao recombinante e caracterizacio inicial de uma endo-xilanase de 7. harzianum

em Escherichia coli

5.1. Contextualizacao

As endo-xilanases sd@o os principais componentes do sistema enzimatico xilanolitico e
atuam na hidrdlise das ligacdes B-1,4 da cadeia de hemicelulose [129], o segundo polimero mais
abundante da parede celular vegetal [58]. Tecnologicamente, os materiais de origem
lignocelulésica tém uma importancia de longa data como matérias-primas na inddstria de
celulose e papel [130]. Mais recentemente, eles também representam uma fonte potencialmente
renovavel e sustentdvel de combustiveis, uma vez que ndo competem com a producdo de
alimentos e poderiam substituir os derivados de combustiveis fosseis [131]. No entanto, a
conversao eficiente de substratos lignoceluldsicos em agucares fermentesciveis requer etapas
nas quais as enzimas hidroliticas desempenham um papel importante [58]. Devido a natureza
recalcitrante da biomassa vegetal e objetivando a degradacdo efetiva do material
lignocelulésico, uma das abordagens mais promissoras € o enriquecimento de coquetéis
enzimaticos em termos de atividades que lhes faltam [132]. Em escala industrial, as enzimas
celuloliticas e hemiceluloliticas sdo produzidas principalmente por microrganismos, tais como
bactérias e fungos [133]. Neste contexto, o fungo ascomiceto filamentoso 7. harzianum produz
uma ampla gama de enzimas ativas a hemicelulose que podem ser exploradas para fins
biotecnolégicos, principalmente no que se refere a producdo de misturas enzimaticas para a
degradacdo da biomassa [15, 17-20], bem como em diversas aplica¢des industriais [133]. As
mais bem caracterizadas das endo-xilanases pertencem a familia GH11, as quais, quando
comparadas com outras enzimas Xilanoliticas, apresentam como caracteristicas atrativas alta
especificidade ao substrato e alta eficiéncia catalitica [129]. Tais proteinas sdo excelentes
candidatas para a expressao heteréloga a fim de se poder suplementar os coquetéis enziméaticos
atualmente comercializados. Ademais, muitas xilanases possuem dominio CBM, o qual tem
como func¢do principal aumentar a concentracio de enzimas na superficie do substrato, tornando
o processo hidrolitico mais eficiente [129, 134]. Assim, este projeto de mestrado teve como
tépico complementar a producao e a caracterizacao inicial de uma endo-xilanase recombinante

da familia GH11 de T. harzianum 10C-3844 (ThX) com dominio CBM em Escherichia coli.
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Também foi apresentado a otimizacdo de um método de refolding, o qual foi anteriormente
descrito para uma GHI1 de Bacillus circulans [131], possibilitando, dessa forma, a

solubilizacdo de ThX expressa nos corpos de inclusao.

5.2. Materiais e métodos

5.2.1. Mapeamento e reconstrucio do transcrito ghl1

As bibliotecas de RNA-Seq de T. harzianum 10C-3844 [39] foram utilizadas para
identificar a principal endo-xilanase presente nesta linhagem durante a degradacdo da biomassa
vegetal. Os reads obtidos através do cultivo do fungo em condi¢des de celulose ou de glicose
foram mapeados contra a sequéncia nucleotidica que codifica uma endo-xilanase da familia
GHI11 (ndmero de acesso ao GenBank: JOKZ01000041.1) disponivel para T. harzianum T6776
(PRINA252551). O mapeamento foi realizado através do software CLC Genomics Workbench

(CLC bio — 6.5.2 v; Finlandsgade, Dk) [37] utilizando os seguintes parametros: configuracdes
de mapeamento (minimum lenght fraction = 0.5; minimum similarity fraction = 0.8; e maximum
number of hits for a read = 10) e configuracdes de alinhamento (minimum distance = 150 e
maximum distance = 300). O transcrito reconstruido para 7. harzianum 10C-3844 foi
denominado de ghll e a predicdo baseada em sequéncia de dominios proteicos mostrou a
presenca de um dominio CBM em ThX.

5.2.2. Amplificacao e clonagem do transcrito ghl1

O transcrito ghl1 (819 pb) foi amplificado a partir do cDNA de T. harzianum 10C-3844
[34]. Os primers 5- ATTCATATGGCTCCTACGGAGGTAGCC -3° e 5 -
TTGGGCTCGAGTTACAGGCACTGAGAATA -3° continham locais de restrigdo Ndel e Xhol
(sublinhados), respectivamente, e foram projetados usando a sequéncia de ghll obtida neste
projeto (ver topico acima “Mapeamento e reconstruciio do transcrito ghl1”). O produto de
amplificacdo obtido por PCR foi clonado no vetor de expressdo pET-28a (+) (Novagen,
Madison, WI, EUA), o qual adicionou um marcador N-terminal de seis histidinas e um local de
protease de trombina a sequéncia de codificagdo. As substitui¢des de nucleotideos no plasmideo
construido foram analisadas através de sequenciamento de DNA pelo método de Sanger [135].

5.2.3. Expressao em E. coli de ThX

ThX foi superexpressa em células de E. coli Rosetta (Novagen, Darmstadt, Alemanha).
As células foram cultivadas a 37 °C com agitagdo a 250 rpm em 1 L de meio LB contendo
cloranfenicol (34 ug mL™!) e canamicina (30 pg mL™") até atingir a fase logaritmica - ODgoo
0,8-1 unidades de absorbancia. A expressdo proteica recombinante foi induzida pela adi¢do de

0,4 mM de isopropil-B-D-tiogalactopiranosideo (IPTG), seguido de cultivo em diferentes


https://www.ncbi.nlm.nih.gov/nuccore/JOKZ01000041.1?location=100284:100579,100685:101267&report=fasta
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA252551
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tempos (ver topico abaixo “Teste de expressao de ThX”) a 18 °C e 180 rpm. A cultura foi
entdo centrifugada (3000 g, 15 min, 4 °C) e as células foram ressuspensas em 50 mL de tampao
A [HEPES 40 mM pH 7,5, NaCl 150 mM] contendo 1 mg mL ™! de lisozima e 1 mM de PMSF.
As células foram rompidas por sonicacdo e a fracdo soldvel foi coletada por centrifugacdo
(20.000 g, 40 min, 4 °C). O pellet correspondente a fracao insolivel foi armazenado a -20 °C.

5.2.4. Teste de expressao de ThX

Para a avaliacdo da expressdao ao longo do tempo, foram coletadas aliquotas de 40 mL
antes da inducdo (To), e de 20 mL e 5 mL nos tempos 3h (Ti) e 20h (T2) apds a indugio,
respectivamente. As amostras coletadas foram analisadas via eletroforese em gel de
poliacrilamida 12% (SDS-PAGE) [136].

5.2.5. Solubilizacao de ThX pelo método de refolding

Os corpos de inclusdo obtidos apds a expressdo da proteina recombinante em E.coli e
enriquecidos com ThX foram utilizados em um procedimento de refolding de proteinas descrito
por Santos et al., 2012 [137]. A etapa de didlise foi realizada com os diferentes tampdes
descritos por Kotzler et al., 2017 [131]. Aos tampdes, foram adicionados 1 mM de DTT, uma
vez que ThX apresenta seis cisteinas em seu dominio CBM, 20 mM imidazol e 10% v/v de
glicerol, como descrito na Tabela 1. O pH utilizado em cada tampao foi ajustado de acordo
com o ponto isoelétrico (pI) de ThX (pIl = 6,4).
Tabela 1. Diferentes tampdes utilizados para a didlise de ThX. Modificado de Kétzler et al.,

2017 [131].

Tampao A (pH 7) Tampao B (pH 8.5)
0,06% p/v de PEG 3350 | 0,06% p/v de PEG 3350
1,0 M de ureia 0,5 M de ureia
0,5 mM de Tween-80 0,5 mM de Tween-80
50 mM de Hepes 50 mM de Tris
1 mM de DTT I mM de DTT
20 mM imidazol 20 mM imidazol
10% v/v glicerol 10% v/v glicerol

5.3. Resultados parciais
Ap6s a amplificagdo do transcrito ghll e a inser¢do do fragmento correspondente no
vetor de expressdao pET-28a (+), células de E. coli Rosetta foram utilizadas para a expressao

recombinante de ThX. Inicialmente, foi realizado o teste de expressao a 18 °C e 180 rpm em
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dois tempos diferentes apds a indugdo. Através de andlise via gel SDS-PAGE 12% (Figura 7),
o tempo correspondente as trés horas (T1) apds a inducdo foi definido como o mais promissor

em comparacao aquele referente a inducao overnight.

Soluvel ; Insolavel
T ’

kDa ",
95
72
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Figura 7. Teste de expressao de ThX. Gel SDS-PAGE 12% onde M, To, T1 e T2 indicam,

respectivamente, o marcador de massa molecular, zero, trés e vinte horas apds indugdo. A banda

referente a ThX pode ser vista logo abaixo de 34 kDa.

Uma vez que ThX foi expressa nos corpos de inclusdo, o que provavelmente € resultado
da natureza altamente hidrofébica das sequéncias de GH11 [131], fez-se necessdria a otimizagdo
de um método de refolding de proteinas para a solubilizacdo e purificacdo da proteina alvo.
Como mostrado na Figura 8, o método escolhido foi bem-sucedido e grandes quantidades de
ThX soluvel foram alcangadas apds a etapa de didlise. Ao final desta ultima etapa, ndo houve
precipitacdo, no entanto, a purificacio de ThX por cromatografia de exclusdo por tamanho

indicou forte agregacado proteica em solu¢do (dados nao mostrados).
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Figura 8. Solubilizacao de ThX. Gel SDS-PAGE 12% indicando ThX antes da didlise (1) e

apos a didlise com o tampao A (2) e B (3), respectivamente. M: marcador de massa molecular.
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5.4. Perspectivas

A triagem inicial para determinar a atividade enzimdtica de ThX serd realizada com o
emprego de xilano comercial obtido de madeira de faia (Sigma-Aldrich®) como substrato. Uma
vez confirmada a atividade enzimatica de ThX através do método do 4cido 3,5-dinitrosalicilico
(DNS) [138], o qual estima a quantidade de agucar redutor liberada sob condicdes de ensaio,
serdo realizados ensaios de pH e temperatura a fim de determinar a condi¢ao 6tima de ThX.
Para a determinacdo do pH 6timo das enzimas, pretende-se empregar os sistemas de tampdes:
acido citrico/citrato de sédio 0,1 M (pH 4,0 — 6,5), fosfato monobdésico/fosfato dibasico 0,1 M
(pH 7,0 — 8,0), Tris/HCI1 0,1 M (pH 8,5) e glicina/NaOH 0,1 M (pH 9 e 9.5). A temperatura
escolhida para os ensaios de pH serd a de 50 °C. O perfil de atividade enzimdtica em diferentes
temperaturas serd obtido no melhor pH de ThX, entre 20 e 80 °C. A caracteriza¢cdo bioquimica
também serd realizada por meio do célculo de parametros de cinética enzimdtica empregando
o modelo hiperbdlico de Michaelis-Menten. Além disso, serd testado o efeito da adicido de
cations mono e divalentes, tais como MgCl,, CuClz, ZnSO4, CaClz, NiClz, KCl, NaCl, MnCl,,
LiCl, CoCl,, e EDTA sobre a atividade enzimética de ThX. Quanto ao perfil da estrutura
secunddria e a avaliacdo da termoestabilidade de ThX, estes serdo analisados por dicroismo

circular.
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6. CONCLUSOES GERAIS

De modo geral, as andlises revelaram que diferentes estratégias associadas aos FTs
XYR1 e CREI durante a degradacdo da celulose sdo utilizadas por T. atroviride e por T.
harzianum, e que esta diferenca pode, inclusive, ser observada entre linhagens da mesma
espécie. Além disso, foi observado em 7. harzianum que os transcritos codificando CAZymes
relacionadas a hidrdlise da celulose e da hemicelulose ndo s@o necessariamente co-expressos
com os FTs aqui estudados. Tomados em conjunto, nossos resultados podem contribuir para
uma melhor compreensdo dos mecanismos genéticos envolvidos na regulacdo de enzimas
hidroliticas nas espécies micoparasitas de Trichoderma. Isso serd importante para expandir o
potencial de 7. harzianum n@do apenas no desenvolvimento de melhores coquetéis enzimaticos,
mas também em muitas outras aplicacOes industriais.

Finalmente, mas nd3o menos importante, os resultados complementares indicaram que
ThX foi produzida com sucesso utilizando um hospedeiro procarioto e que o método de
refolding empregado mostrou ser eficiente para a solubilizacdo da proteina alvo, inicialmente
expressa nos corpos de inclusdo. Contudo, serdo necessdrios testes empregando substrato
especifico para avaliar a atividade xilanolitica de ThX. Caso a atividade enzimdtica seja
confirmada, nosso trabalho podera abrir caminho para estudos adicionais avaliando a estrutura
e a funcdo dessa proteina e seu uso para suplementar e melhorar os coquetéis enziméaticos
projetados para a conversdo da biomassa vegetal em etanol 2G. Ademais, a caracterizagdo
bioquimica e estrutural de ThX podera elucidar sua estabilidade e especificidade em relacao a
diferentes substratos contribuindo, dessa forma, para a expansdo de sua aplicabilidade em

termos biotecnoldgicos.
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7. PERSPECTIVAS GERAIS

O presente estudo contribuiu para a identificagdo de novos transcritos alvos em T.
harzianum possivelmente relacionados a degradag¢do da celulose e ainda mais importante,
associados a nivel de expressdo com os principais reguladores envolvidos no processo de
degradacdo da parede celular vegetal. Estes transcritos devem ser melhor investigados para que
se possa comprovar sua real influéncia sobre a sacarificacdo do bagaco através de estudos
futuros envolvendo a expressdo heterdloga e a caracterizagdo bioquimica e estrutural de
proteinas. Porém, em vista da dificuldade de se obter proteinas soliveis € em sua correta
conformagdo original, uma alternativa proposta seria a técnica de imunoprecipitacdo de
cromatina seguida de sequenciamento de DNA em larga escala (ChIP-Seq). Através dessa
metodologia, seria possivel identificar os sitios de ligagdo ao DNA associados as proteinas, tais
como FTs. Tais experimentos poderiam oferecer estratégias para a melhoria das linhagens de
T. harzianum estudadas em condi¢do de degradacdo de celulose visando otimizar os coquetéis
enzimaticos e minimizar o custo de producdo de etanol 2G a partir da biomassa lignoceluldsica
disponivel no Brasil, bem como explorar o potencial hidrolitico dessa espécie em diversos

processos biotecnoldgicos.
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