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Resumo

A mitocondria ¢ uma organela citoplasmatica encontrada na maioria dos organismos
eucariotos e ¢ responsavel pela respiracdo e homeostase celular. O genoma mitocondrial
(mitogenoma) vem sendo objeto de estudos em genética comparativa e evolugdo, uma
vez que apresenta genes conservados entre todas as espécies, bem como variagdes em
regides intronicas e repetitivas. A ordem Hypocreales ¢ composta por espécies de fungos
que desempenham diversas fungdes ecoldgicas, como saprobios, patdgenos e mutualistas.
Uma das espécies de destaque & Trichoderma harzianum, que vem sendo muito
empregado no controle biologico de outros fungos e nematédeos. O primeiro capitulo
deste trabalho teve como objetivo investigar a variabilidade e evolucdo de 35
mitogenomas da ordem Hypocreales. Variagdes na estrutura e tamanho dos mitogenomas
foram correlacionadas a presenga de regides nao-codificantes. Andlises evolutivas
estimaram que mitogenomas que evoluem em uma taxa maior, apresentam uma regiao
ndo-codificante maior. Apesar da variagdo no tamanho e conteudo nao-codificante, os
mitogenomas avaliados apresentam um grupo de genes conservados, sendo o gene
ribossomal rzs um dos tnicos contendo apenas um exon. A conservacao génica, 0 nimero
de copias por célula e a sua presenga na maioria dos organismos eucariotos, tornam os
mitogenomas promissores marcadores moleculares para a classificagdo taxondmica de
espécies. No capitulo dois, avaliamos o potencial do gene rns para a identificacdo de
fungos da ordem Hypocreales. O potencial do rns como marcador molecular foi
comparada as de outros genes comumente empregados na identificacdo de fungos,
incluindo o género Trichoderma, o qual possui inumeras espécies cripticas, por isso sendo
utilizado como estudo de caso. Os resultados encontrados sugerem que o gene rns, € capaz
de separar todas as espécies da ordem Hypocreales testadas, e ¢ suficiente para a
identificacdo correta dos isolados de Trichoderma. Entretanto, a combinacao dos genes
rns e calmodulina se mostrou uma alternativa eficiente para a identificagdo de espécies
do género. MitocoOndrias, apesar de possuirem o seu proprio genoma, necessitam de genes
codificados no ntcleo para o seu funcionamento. Grande parte do conhecimento sobre os
genes envolvidos na regulacdo de mitogenomas ¢ restrito a organismos modelo, como
Homo sapiens, Neurospora crassa ou Saccharomyces cerevisiae. No entanto, alguns
estudos ja demonstraram em N. crassa a auséncia de genes identificados em H. sapiens e
S. cerevisiae que sdo fundamentais para o controle do genoma. Desta forma, com o

objetivo de ampliar o conhecimento sobre os mecanismos de controle dos mitogenomas,



resultados do sequenciamento, montagem e anotagdo do genoma nuclear de 7. harzianum
e investigagdo da presenca de genes com localizagdo na organela mitocondrial sdo
apresentados no capitulo trés desta tese. Ao todo, foram identificados 159 genes, dos
quais a maioria estd envolvida no funcionamento da cadeia fosforilativa. Um numero
menor de genes estd associado a regulacdo da replicagdo, transcri¢do e tradug¢do do
mitogenoma, enquanto 39 genes nao tiveram sua fun¢do definida, sugerindo que os
mecanismos de controle do mitogenoma sdo ainda pouco conhecidos em fungos
filamentosos. Por ultimo, no capitulo quatro, o perfil transcricional do mitogenoma de 7.
harzianum foi avaliado, estimando-se a capacidade do genoma em gerar RNA dupla fita
(dsRNA), uma vez que o mtDNA ¢ circular e apresenta caracteristicas que sugerem
existéncia de transcricao bidirecional. Através de amplificacao fita especifica foi possivel
confirmar a presenca de dsRNA no gene rns, um dos genes com maior transcri¢do. Em
outros grupos de organismos, como os animais, 0 dsRNA ja havia sido reportado.
Contudo, a detecgdo de dsRNA em mitocondrias de fungos estd sendo descrita pela
primeira vez nesta tese. Em mamiferos, existe um complexo responsavel pelo controle do
dsRNA gerado, uma vez que pode alterar os processos celulares. No genoma nuclear de
T. harzianum encontramos apenas um dos genes envolvidos no controle, sugerindo que
em fungos filamentosos, ele também poderia ter a mesma func¢ao. Neste capitulo também
foi possivel estimar a geragdo de pequenos RNAs provenientes do processamento do
dsRNA de origem mitocondrial no 7. harzianum. Os principais genes envolvidos no
funcionamento da via de RNA de interferéncia foram identificados, sugerindo que a via
também possua algum papel no controle pds-transcricional do mitogenoma. Os resultados
obtidos nesta tese demonstram que mitogenomas de fungos da ordem Hyporeales estado
sofrendo um processo de modificagdo estrutural génica, provavelmente induzido por
elementos moveis, e que a regulacdo pode ser realizada por genes ainda ndo descritos

funcionalmente na mitocondria.

Palavras-chave: Mitogendmica comparativa. Evolucao. Hypocreales. Regulagao. RNA

de interferéncia. Transcrigdo. dsRNA.



Abstract

Mitochondria is a cytoplasmic organelle found in most eukaryotic cells and are
responsible for respiration and cellular homeostasis. The mitochondrial genome
(mitogenome) has been the subject of studies in comparative genetics and evolution, since
it has conserved genes among all species, as well as variations in intronic and repetitive
regions. The order Hypocreales is composed of fungal species that perform several
ecological functions, which can be saprobes, pathogens or mutualistic. One of the
prominent species is Trichoderma harzianum, which has been widely used in biological
control of other fungi and nematodes. The first chapter of this thesis aimed to investigate
the variability and evolution of 35 mitogenomes from the order Hypocreales. Variation
in structure and size of mitogenomes were correlated with the presence of non-coding
regions. Evolutionary analysis has estimated that fast-evolving mitogenomes have a
larger non-coding region. Additionally, some intron sequences are conserved among
species, suggesting horizontal transfer processes. Despite the variation in size and non-
coding content, the mitogenomes evaluated have a group of conserved genes, with the
ribosomal gene rus is being the only one containing one exon. The genetic conservation,
the number of copies per cell and their presence in most eukaryotic organisms, make them
a potential molecular marker for taxonomic classification of species. In chapter two, we
evaluated whether the rns gene for the identification of fungal species from Hypocreales.
The sequences of rms were compared to other genes commonly used to identify
Hypocrealean fungi, including the genus Trichoderma, which has numerous cryptic
species, as a case study. The results suggested that the rns gene, despite separating all the
Hypocrealean species, is not sufficient for the correct identification of all the Trichoderma
isolates. Nonetheless, the use of rns and calmodulin genes proved to be an efficient
combination for the identification of species from the genus. Mitochondria, in spite of
having their own genome, need genes encoded in the nucleus for their functioning. Much
of the knowledge about the genes involved in their regulation is specific only to model
organisms, such as Homo sapiens, Neurospora crassa or Saccharomyces cerevisiae.
Nevertheless, some studies have already demonstrated in N. crassa the absence of genes
identified in H. sapiens and S. cerevisiae, which are fundamental for mitogenome control.
Thus, with the objective of expanding knowledge about mitogenome control mechanisms,
the results of sequencing, assembly, and annotation of the 7. harzianum nuclear genome,

and the presence of genes with location in the mitochondria was investigated and



presented in chapter three of this thesis. Altogether, 159 genes were identified, of which
the majority are involved in the functioning of the phosphorylation chain. A smaller
number of genes have been identified in the replication, transcription, and translation
regulation, while 39 genes have not had their function defined yet, suggesting that the
mitogenome control mechanism is still poorly understood. Finally, in chapter four, the
transcriptional profile of 7. harzianum mitogenome was evaluated, estimating the
capacity of the genome to generate double-stranded RNA (dsRNA), since it is circular
and has a profile similar to bidirectional replication. Using specific-strand amplification,
it was possible to confirm the presence of dsRNA in the rns gene, one of the genes with
the highest transcription. In other groups of organisms, such as mammals, dSRNA had
already been reported, however, the detection of dsRNA in fungal mitochondria is being
described for the first time in this thesis. In mammals, there is a complex responsible for
controlling the dSRNA generated, as it can alter cellular processes. In the nuclear genome
of T. harzianum we found only one of the genes responsible for the control, suggesting
that, in filamentous fungi, it could also have the same function. In this chapter it was also
possible to estimate the generation of small RNA from 7. harzianum mitogenome. The
main genes of the RNA interference pathway were identified, indicating that this pathway
also play a key role in mitogenome post-transcriptional control. The results obtained in
this thesis demonstrate that the fungal mitogenomes have been still undergoing a process
of structural genetic shaping, probably induced by mobile elements; and that regulation

can be carried out by genes not yet functionally described in mitochondria.

Keywords: Comparative mitogenomics. evolution. Hypocreales. Regulation.

Interference RNA. Transcription. dsSRNA.
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RELEVANCIA E JUSTIFICATIVA

Mitocondrias sdo organelas especializadas e localizadas no citoplasma de células
eucarioticas, responsaveis pelo fornecimento de energia através da respiragdo aerobica
(via de fosforilagdo oxidativa), biossintese de lipidios, apoptose, homeostase, dentre
outros. O funcionamento da mitocondria depende de proteinas traduzidas no citoplasma
celular e posterior importagcdo para a matriz mitocondrial. Apesar da dependéncia do
genoma nuclear, a organela possui o seu proprio genoma (mitogenoma). Os mitogenomas
sdo moléculas de DNA circulares ou lineares de tamanho variavel que se replicam
independentemente do ciclo celular nuclear. Sdo constituidos por genes conservados
essenciais, elementos transponiveis, homing endonucleases e regides com potencial
codificante ndo-conservados. Devido a diversidade de formas, tamanho e genes, o uso de
mitogenomas fingicos tem se mostrado uma estratégia promissora para estudos
evolutivos e filogenéticos, principalmente na classificacdo correta de espécies,
adaptabilidade em diferentes ambientes e investigagdo dos processos de modulagdo do
mitogenoma na célula.

Apesar do importante papel desempenhado pela mitocondria na célula, o
conhecimento detalhado sobre a regulacdo génica desta organela ainda € escasso, € pouco
se sabe sobre o controle da expansdo/contracdo de genomas mitocondriais em fungos. O
sequenciamento de novos genomas mitocondriais de fungos, a caracterizagdo gendmica,
assim como estudos de transcritoma, sdo de grande importancia para auxiliar na expansao
de conhecimento sobre o genoma dessa organela. A andlise dos componentes génicos
mitocondriais e, principalmente, a investigagdo da fun¢do desempenhada por diferentes
genes no controle do genoma mitocondrial de fungos sdo fundamentais para a
compreensdo da regulagdo mitocondrial e do controle da integridade do genoma. A
investigacdo do funcionamento da organela mitocondrial e de seu genoma podem ainda
fornecer novas estratégias para controle de fungos patdgenos, assim como pode auxiliar
na melhoria de producdo de metabolitos secundarios. Além disso, estes estudos ainda
ajudam na investigagdo da influéncia da mitocondria no funcionamento de processos
celulares que sdo essenciais para o crescimento e desenvolvimento de fungos em
diferentes ambientes.

Além disso, em mamiferos alguns estudos relataram que o DNA mitocondrial

pode gerar RNA dupla-fita (dsRNA), o qual é degradado por um complexo de degradagao
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mitocondrial, contudo, ainda ndo ha informacdes sobre a presenca de dsRNA ou a
presenga deste complexo em fungos filamentosos. No citoplasma celular existem vias
imunes que sdo responsaveis pelo controle pos-transcricional e que processam dsRNA de
origem viral, e também podem ter fun¢do no processamento do dsRNA de origem
mitocondrial.

Fungos da ordem Hypocreales apresentam diversas fungdes ecologicas, sendo
essenciais em varios ecossistemas, e, portanto, constituem um excelente modelo para o
estudo da evolucdo de genomas no reino Fungi. Além disso, apesar de a ordem
Hypocreales apresentar grande interesse cientifico, este ¢ o primeiro trabalho de andlise

de mitogendmica comparativa das espécies disponiveis em bancos de dados publicos.
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Formatacgao da tese

Esta tese ¢ composta por uma introdugdo geral, justificativa e relevancia, objetivos,
capitulos especificos, discussdo integrativa, conclusdes finais e perspectivas do projeto.

O capitulo um refere-se ao estudo de mitogendmica comparativa da ordem Hypocreales
e apresentacdo do mitogenoma de Trichoderma harzianum. Este trabalho foi aceito e
publicado na revista Frontiers in Microbiology. O capitulo dois trata do potencial de uso
do gene ribossomal rns para a identificacio taxonOmica de espécies da ordem
Hypocreales. Este trabalho foi submetido para publicacdo na revista FEMS Microbiology
Letters. O capitulo trés fala sobre a montagem, anotacdo e identificagdo de genes de
origem nuclear que sdo importados para a matriz mitocondrial em 7. harzianum. O
capitulo quatro ¢ sobre o perfil transcricional, detec¢do de RNA dupla fita mitocondrial
e caracteriza¢do da via de RNA de interferéncia em 7. harzianum. A discussdo integrada,

as conclusdes e as perspectivas do trabalho sdo encontradas ap6ds os quatro capitulos.
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INTRODUCAO GERAL

Mitocondrias sdo organelas presentes na maioria dos organismos eucariontes
(aerobios obrigatérios) e sdo responsaveis pelo fornecimento de energia (na forma de
moléculas de ATP), utilizadas em diversos processos celulares (Friedman and Nunnari
2014). Outras fungdes também desempenhadas por essas organelas sdo biossintese de
lipideos, homeostase e apoptose celular, além de auxiliar a célula na resposta a estresses
ambientais (Spinelli and Haigis 2018). A origem da mitocondria estd associada a uma
Alphaproteobactéria ancestral de vida livre, que se integrou na célula hospedeira,
processo conhecido como endossimbiose (Sagan 1967; Gray 2017; Martijn et al. 2018).
Durante a integracdo entre as duas células, ocorreu a aquisicdo da maquinaria de
importacdo de RNA e proteina, modificagdo das membranas do endossimbionte,
transferéncia de grande parte do genoma para o nucleo celular e formagdo da organela
mitocondrial (Roger et al. 2017). Apesar da transferéncia de genes para o genoma nuclear,
as mitocondrias possuem o seu proprio genoma, no qual ha a informagdo para o
funcionamento da respiragdo aerdbica através do funcionamento da cadeia fosforilativa
(Zardoya 2020).

Genomas mitocondriais sdo comumente denominados de mitogenomas ou
mtDNA, podem ser circulares ou lineares e utilizar cédigos genéticos diferentes daqueles
utilizados pelo genoma nuclear (Zardoya 2020; Kulik et al. 2021). Em fungos,
considerando os dois principais filos (Ascomycota e Basidiomycota), o contetido génico
mitocondrial ¢ conservado em relagdo a presenca de um core genome com 14 genes
codificadores de proteinas (nadl-6, 4L, cob, coxI-3 e atp6, 8 € 9), dois genes ribossomais
(rns e rnl) e um gene codificador de proteina ribossomal (7ps3) envolvidos no processo
de fosforilagdo oxidativa (Zardoya 2020). Entretanto, exce¢des podem ser encontradas.
Adicionalmente, o tamanho do mitogenoma ¢ bastante varidvel entre as espécies: por
exemplo, a espécie Spizellomyces punctatus possui 1,136 pb, enquanto a espécie
Ophiocordyceps camponotifloridani apresenta 272,497 pb. Essa variacdo ¢ devida a
presenca de elementos acessorios como os introns, regides intergénicas, ORF sem fung¢ao
definida (uORF) e genes de homing endonucleases (HEG) (Hausner 2003; Kulik et al.
2021).

Os introns sdo sequéncias nucleotidicas inseridas os genes e sdo removidas
durante o processo de splicing alternativo. Em mitogenomas de fungos sdo encontrados

introns ds grupos I e II, que diferem na sequéncia, estrutura e splicing (Craig et al. 2002;
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Hausner 2003). Sequéncias de introns ja foram identificadas em diferentes mitogenomas
apresentando alta similaridade, e a disseminagdo dessas sequéncias através de eventos de
transferéncia horizontal ja foi observada em diferentes grupos de espécies (Hausner 2003;
Fonseca et al. 2020; Kulik et al. 2021). Uma das hipoteses para essa transferéncia ¢ a
codificacdo de HEGs que sdo classificadas como sequéncias egoistas (selfish DNA) que
possuem a capacidade de transposi¢do e sdo responsaveis pela quebra da dupla fita de
DNA em sitios especificos, que consequentemente ativa o processo de reparo do DNA
por recombinacdo homologa e geragdo de conversdo génica. As HEGs também podem
ser encontradas livres, o que garante a sua disseminacao e fixagdo no mitogenoma e pode
inclusive, alterar a janela de leitura de genes codificadores de proteina (Hausner 2003;
Barzel et al. 2011; Stoddard 2014). Atualmente existem seis familias de HEGs, contudo,
apenas duas familias sdo encontradas nos mitogenomas fungicos, LAGLIDADG e GIY-
YIG (Hausner 2003). Adicionalmente a presenca de introns ¢ HEGs, mitogenomas de
fungos também podem apresentar uORFs, cujo produto ndo possui similaridade com
nenhum deposito disponivel nos bancos de dados publicos. Assim como as HEGs, uORFs
também podem estar associadas a regides intronicas e podem ser alteradas pela acdo das
HEGs (Sellem et al. 1996; Hausner 2003).

Por apresentarem alta variacdo estrutural em diferentes espécies bioldgicas, os
mitogenomas de fungos vém sendo muito estudados para investigar a origem, evolugdo e
o processo de integracdo do endossimbionte (Kulik et al. 2021). Apesar da diversidade
de tamanho e de genes, mitogenomas sdo uma Otima ferramenta para a elucidacdo de
relagdes evolutivas entre espécies por apresentar uma baixa taxa de recombinagdo,
heranca maternal, diferenca da taxa de mutagdo em relacdo ao genoma nuclear, o nimero
de copias no citoplasma celular e a facilidade para amplificacdo e sequenciamento de uma
regido ou o mitogenoma inteiro (Rubinoff and Holland 2005). Alguns trabalhos ja foram
desenvolvidos demonstrando a possibilidade do uso de genes mitocondriais para
identificagdo de espécies flngicas, entretanto ¢ necessario o sequenciamento de
mitogenomas de um niimero maior de espécies fungicas para avaliar a presenca de um
marcador universal (Kulik et al. 2015; Smith 2016; Avin et al. 2017).

Até o més de dezembro de 2020, 788 mitogenomas de fungos estavam depositados
no banco de dados do National Center of Biotechnology Information (NCBI), sendo os
filos Ascomycota e Basidiomycota, que compreendem o maior niimero de espécies
descritas sdo os mais amostrados (601 e 129 mitogenomas respectivamente). Por outro

lado, apenas oito (Ascomycota, Basidiomycota, Blastocladiomycota, Chytridiomycota,



16

Cryptomycota, Monoblepharidoycota, Mucoromycota e Zoopagomycota) dos 12 filos do
reino Fungi estavam disponiveis, o que demonstra o viés amostral em dados publicos
relacionados a sequenciamento de mitogenomas de fungos. Nos ultimos anos, pode ser
observado um niimero crescente de depdsito de mitogenomas, sendo que a maioria dos
estudos foca na descricdo e analise comparativa dos mitogenomas (Kolondra et al. 2015),
mas ndo extrapolam para o entendimento dos mecanismos envolvidos no controle e
regulacdo dos genomas mitocondriais ou na interacdo deste com o genoma nuclear
(Kolondra et al. 2015; Kulik et al. 2021).

O mitogenoma possui replicacdo independente do genoma nuclear e durante a
transcri¢do, transcritos policistronicos derivados de ambas as fitas (senso e anti-senso)
sdo geradas, que sdo entdo processadas em mRNA, tRNA e rRNA. No entanto, existe a
possibilidade de geragdo de RNA dupla fita (dSRNA) devido a transcri¢do simultanea das
fitas do genoma, que pode ser acumulado na matriz mitocondrial (Dhir et al. 2018). A
degradacdo dessas moléculas ¢ realizada pelo degradossomo mitocondrial (mtEXO),
responsavel pela manuten¢do da integridade da mitocondria, assim como a degradacgdo
de dsRNA na organela (Razew et al. 2018). O mtEXO ¢ composto por dois genes
codificadores de proteina: SUV3 DNA helicase e PNPase/PNPT1 no qual contém uma
polimerase com atividade de exoribonuclease (Szczesny et al. 2010). Os dois genes sdo
codificados no genoma nuclear e entdo importados para a mitocondria. A proteina SUV3
tem capacidade de desenrolar o dsRNA, enquanto a PNPase ¢ responsavel pela
degradagdo das moléculas. Em mamiferos, o nocaute desses dois genes ¢ letal em
embrides de camundongos (Wang et al. 2010; Chen et al. 2013), e em leveduras, a
auséncia dos genes também ¢ letal, mas, como a respiracdo também pode ser realizada
pela via fermentativa, o mitogenoma ¢ perdido e as células ficam na forma de “petite”
(células sem capacidade de crescimento em meios de cultivo com fonte ndo-fermentativa)
(Stepien et al. 1992; Guo et al. 2011). A auséncia dos genes do mtEXO favorece a
acumulacdo de dsSRNA na matriz mitocondrial, com consecutivo escape para o citoplasma
celular (Dhir et al. 2018). No citoplasma, essas moléculas podem se tornar imunogénicas
e ativar vias de imunidade do proprio hospedeiro (Dhir et al. 2018). Uma das vias capazes
de degradar dsRNA no citoplasma ¢ a via de RNA de interferéncia (RNAi) (Hannon
2002).

A via de RNAi ¢ um mecanismo conservado em eucariotos, no qual pequenos
RNAs sdo responsaveis pela regulagdo génica em nivel pds-transcricional (Hannon 2002;

Lee et al. 2010; Nicolas and Ruiz-Véazquez 2013). Foi descrita pela primeira vez no
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metazodrio Caenorhabditis elegans, em um mecanismo mediado por dsRNA.
Posteriormente, esse mecanismo foi descrito em outros animais, protozoarios, plantas e
fungos (Nakayashiki et al. 2006; Nicolads and Ruiz-Véazquez 2013).

Os principais componentes da maquinaria da via de RNA1, sdo as proteinas Dicer
(DCL), Argonauta (AGO) e RNA polimerase dependente de RNA (RdRp). A proteina
DCL pertence a familia das RNases III, cuja fungdo ¢ processar longos RNAs de fita
dupla em pequenas sequéncias de tamanho entre 21 a 26 nucleotideos. As proteinas AGO
sdo essenciais em complexos efetores multi-subunitarios e contém dois dominios
conservados, o motivo PAZ (responsavel pela ligacdo com &cidos nucléicos, com
preferéncia por DNA e RNA de fita simples) e o dominio Piwi (responsavel pela clivagem
de uma das fitas do dsRNA) (Decker et al. 2015). A RdRp esta envolvida na amplificagao
dos fragmentos de dsRNA reconhecidos e processados pela DCL (Nakayashiki et al.
2006; Nolan et al. 2008; Dang et al. 2011a). O produto final do funcionamento da via de
RNAI sdao pequenos RNAs (sRNAs), gerados através do processamento de precursores
de dsRNA pela DCL com consecutiva sele¢do de uma das fitas de dsSRNA para serem
usadas como molde no complexo se silenciamento induzido por RNA (RISC), no qual
contém a enzima AGO e ¢ responsavel pelo reconhecimento da regido alvo ao dsRNA e
desestabilizacdo do mRNA (Dang et al. 2011Db).

Os sRNAs gerados sdo sequéncias curtas de RNA de tamanho geralmente entre
20-30 nt que podem ser classificados em trés classes principais (microRNAs — miRNAs;
piwi-interacting RNAs — piRNAs e pequenos RNAs de interferéncia — siRNAs) de acordo
com a sua biogénese, modo de regulacdo e as vias biologicas reguladas (Hannon 2002;
Ghildiyal and Zamore 2009; Holoch and Moazed 2015). Cada classe possui uma
distribui¢do de tamanho e preferéncia de nucleotideos diferentes. Além disso, essas
classes sdo relacionadas entre si e cooperam para a regulacdo de genes e protecao do
genoma contra modificagdes externas, como por exemplo, elementos transponiveis e
virus (Ghildiyal and Zamore 2009). A via de RNAi nunca foi identificada em leveduras
Saccharomyces cerevisiae, contudo, nos fungos multicelulares ja foi comprovada a
presenga do sistema de RNAi (Dang et al. 2011a). Em fungos filamentosos, dois
mecanismos sdo conhecidos e denominados de guelling e de Silenciamento Meiotico
Pareado por DNA (Meiotic Silencing by Unpaired DNA — MSUD) (Dang et al. 2011a;
Billmyre et al. 2013).

O mecanismo de quelling foi descrito primeiramente em N. crassa ocorrendo no

tecido somadtico (micélio), onde ha o reconhecimento de sequéncias repetitivas e
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homologas que desencadeiam o silenciamento génico em nivel pds-transcricional de
todos os genes homodlogos do hospedeiro (Dang et al. 2011a; Billmyre et al. 2013). Ja o
mecanismo de MSUD ocorre apenas durante o ciclo sexual, e ¢ ativado quando ocorre a
fusdo de dois nucleos haploides distintos para a formacao de um nucleo diploide durante
o processo de divisdo celular. O MSUD age na profase durante a primeira meiose na
regido entre os dois cromossomos parentais contendo DNA nao-pareado. O DNA ndo-
pareado pode ser causado por dele¢des ou insergdes em uma fita parental. Durante essa
etapa, ocorre o silenciamento de todas as sequéncias homologas similares a estes
elementos no genoma até o término do ciclo sexual. Acredita-se que o MSUD tenha
importancia na inibi¢do da replicagcdo de elementos moveis durante o ciclo sexual (Dang
etal. 2011a).

Fungos estdo entre os grupos de eucariotos mais abundantes e diversos do planeta.
No entanto, grande parte da diversidade relagdes biodticas e habitats desses organismos
ainda precisam ser descobertos e caracterizados (Hawksworth and Liicking 2017). A
ordem Hypocreales (Hypocreomycetidae,  Sordariomycetes,  Pezizomycotina,
Ascomycota) compde um grupo monofilético com mais de 2700 espécies de fungos,
distribuidas em 240 géneros e classificadas em 14 familias: Bionectriaceae,
Calcarisporiaceae, Clavicipitaceae, Cocoonihabitaceae, Cordycipitaceae,
Flammocladiellaceae, Hypocreaceae, Myrotheciomycetaceae, Nectriaceae,
Niessliaceae, Ophiocordycipitaceae, Sarocladiaceae, Stachybotryaceae e Tilachlidiaceae
(Wijayawardene 2020). Alguns géneros, porém, ainda sdo classificados como incertae
sedis (Varshney et al. 2016). Esses fungos sdo ubiquos e ecologicamente diversos, com
funcdes que variam de saprobios a biotroficos e patogenos de outras espécies fungicas
(incluindo liquens), insetos, plantas e animais. Espécies com importancia econdmica, nas
areas de farmacologia e medicina, controle bioldgico e biotecnologia também sdo
encontradas (Rehner and Samuels 1995; Varshney et al. 2016), sendo o género
Trichoderma (familia Hypocreaceae) um dos exemplos de organismos com grande
potencial biotecnoldgico.

As espécies desse género apresentam capacidade de adaptagdo em todos os
ecossistemas, sendo encontradas em ambientes aquaticos (marinhos e continentais) e
terrestres. Geralmente, a maioria das espécies € encontrada em solos, degradando matéria
organica em materiais ricos em celulose como madeira em decomposi¢do (como
saprofiticos), ou no interior de tecidos de plantas, como endofiticos (Samuels 2006;

Mukherjee et al. 2013). A adaptabilidade dessas espécies permitiu o seu estabelecimento
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e colonizagdo no interior de raizes, caules e folhas de plantas, sendo considerados como
“True endophytes”, no qual algumas sdo conhecidas por proteger a planta de doencas e
estresse abidtico (Mukherjee et al. 2012). A sua adaptabilidade esté relacionada com a
capacidade de produzir uma variedade de metabdlitos secundarios, que podem auxiliar
no crescimento e desenvolvimento de plantas, inibi¢do de micro-organismos, resposta a
estresses bidticos e abidticos, biorremediagdo e defesa contra patdgenos (Hermosa et al.
2014). Além disso, espécies de Trichoderma possuem a habilidade de parasitar outros
fungos (micoparasitismo) (Druzhinina et al. 2011; Gruber and Seidl-Seiboth 2012). Por
esta razdo, tém sido amplamente utilizados na Agricultura como biopesticidas,
fertilizantes e agentes de controle biologico (Benitez et al. 2004; Mukherjee et al. 2013;
Schmoll et al. 2016). A espécie Trichoderma harzianum, por exemplo, ¢ muito utilizada
no setor agricola como agente de controle bioldgico, e, apesar de apresentar varias
aplicagdes, entretanto, as caracteristicas moleculares e genéticas dessa espécie ainda sdo
pouco exploradas (Prasad et al. 2002; Srivastava and Shahid 2014a).

Nessa tese, o objetivo principal de estudo foi investigar o funcionamento e
caracterizar os mitogenomas da ordem Hypocreales, utilizando a espécie 7. harzianum
como modelo. Para isso, andlises de gendmica comparativa, transcritoma de RNA total e
de pequenos RNAs foram realizadas. Os resultados finais encontrados sdo de suma
importancia para a compreensao do funcionamento da organela nas células de fungos

filamentosos.
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OBJETIVOS

Objetivo Geral

Caracterizar os genomas mitocondriais de fungos da ordem Hypocreales elucidando o
papel de introns e homing endonucleases na expansao/retracdo desses genomas e avaliar
os genes envolvidos na regulacdo da replicacdo, transcrigdo e no controle desses
mitogenomas.

Objetivos Especificos

o Identificar as provaveis razdes pela diversidade gendmica de mitocondrias de
espécies da ordem Hypocreales a partir da estrutura dos mitogenomas disponiveis
em bancos de dados;

o Estimar o tempo de divergéncia e a influéncia das regides ndo-codificantes nos
genomas mitocondriais;

e Avaliar o uso de genes mitocondriais como possiveis marcadores moleculares
para identificacdo de espécies da ordem Hypocreales;

o Identificar genes de origem nuclear com provavel fungdo de regulacdo
mitocondrial a partir de sequenciamento, montagem e anotacdo do genoma
nuclear da espécie Trichoderma harzianum;

e Avaliar a transcri¢ao dos genes identificados na regulagdo mitocondrial;

e Analisar a transcri¢do do mitogenoma da espécie 7. harzianum,

o Investigar a presen¢a de dsSRNA de origem mitocondrial no fungo 7. harzianumi;

o Investigar outras vias envolvidas no controle da producdo de RNAs derivados da

mitocoOndria de T. harzianum.
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CAPITULO 1

Exploring the Relationships Among Divergence Time and Coding and Non-coding
Elements in the Shaping of Fungal Mitochondrial Genomes

Este capitulo foi publicado na revista Frontiers in Microbiology (2020)

DOI: 10.3389/fmicb.2020.00765
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CAPITULO 2

The potential of the mitochondrial gene rns as a molecular marker for Hypocreales
(Fungi, Ascomycota)

Este capitulo foi submetido para publicagdo na revista FEMS Microbiology Letters
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Abstract

Hypocreales order is one of the most diverse fungal taxonomic groups concerning
ecological functions. Despite its ecological and biotechnological importance,
Hypocreales species identification is still problematic, once morphological characters are
commonly insufficient for species-level identification. Thus, nuclear molecular markers,
such as the ITS region, have been adopted as a standard DNA barcode for rapid fungal
identification, although their use has been insufficient for some taxonomic groups.
Mitochondrial genes are conserved and found in higher abundance than nuclear genes,
then they may contribute or even be an alternative in the identification of fungal species.
Previous studies revealed that the minor ribosome subunit gene (7ns) does not present
introns and is highly conserved among Hypocreales species. The aim of this study was to
investigate the potential of the rns gene as a molecular marker for the Hypocreales. Our
strategy was based on phylogenetic and barcoding gap analyses using ITS region,
calmodulin (CAL) and transcription elongation factor (tef) along with the rns gene. Our
results indicated that the rns gene is an efficient DNA barcode for the identification of
Hypocreales representatives, which in association with CAL gene reached higher
resolution than ITS alone or combined for species identification.

Keywords: Molecular identification, Mitogenomes, rns, Hypocreales.
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Introduction
The kingdom Fungi is considered as one of the most diverse groups of eukaryotic

organisms on the planet. Estimates suggest the presence of approximately five million
species, but only 10% of its richness has already been identified (Hawksworth 1991;
Blackwell 2011; Hibbett et al. 2011; Bass and Richards 2011; Hawksworth and Liicking
2017). Hypocreales is one of the most important orders of the phylum Ascomycota, with
approximately 2,700 species which display different morphologies, lifestyles and
ecological functions (Varshney et al. 2016; Wijayawardene et al. 2018). These fungi are
adapted to different environments, suggesting that multiple events, such as interkingdom
host jumping, occurred during their evolutionary history (Torres and White 2009).
Several studies have investigated gene functions related to fungal development,
pathogenicity, production of metabolites and enzymes as well as the study of the species
fitness (Rehner and Samuels 1995; Varshney et al. 2016). Nevertheless, despite all
research advances, and the variability of ecological functions presented by these species,
their identification is still a problem, due to the existence of groups with similar and
undistinguishable morphological characteristics and also the presence of cryptic species
(O’Donnell et al. 2004; Starkey et al. 2007).

The use of information contained in specific DNA sequences has been one of the
strategies most applied in the identification of fungal species (Kulik et al. 2020). In 2003,
the DNA Barcoding Initiative began to search for an universal molecular marker for the
identification of all organisms. A DNA barcode is a sequence of 400-800 bp universally
present in a group of species, which displays enough variation for species distinction and
can be rapidly amplified (Gao and Zhang 2013; Crous et al. 2016). In comparison with
the methods based on morphological characters, the amplification of genic regions
(molecular strategy) is advantageous because they are less laborious, faster, more reliable
and highly sensitive (Kulik et al. 2020).

The first DNA barcode proposed was the mitochondrial cytochrome c oxidase
subunit 1 (cox! - COI) for animals (Hebert et al. 2003). In the case of fungi, the cox/ gene
did not provide enough molecular resolution, which can be explained by its common
fragmentation with introns that reduce the efficiency of amplification (Seifert et al. 2007;
Seifert 2009). Currently, the Internal Transcribed Spacer (ITS) region is recommended
as the primary DNA barcode for the identification of fungal taxa. This region comprises
approximately 600 bp and was selected because it is easy to obtain (simplicity), highly

conserved (universality), and displays high interspecific variation and very low
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intraspecific variation (Schoch et al. 2012; Badotti et al. 2017). Despite of its advantages,
the use of ITS for the identification of some groups of fungi has been insufficient due to
its low power of discrimination of close and cryptic species, such as Trichoderma,
Fusarium, and other genera (Seifert 2009; Chaverri et al. 2015).

Then, other nuclear genes have been proposed for the identification of fungal
species, such as translation elongation factor (fef) (Kristensen et al. 2005; Rai et al. 2016)
and the calmodulin gene (CAL) (Mula et al. 2004). Despite exhibiting a better resolution
than the ITS region, difficulties in amplifying these genes in the laboratory has limited
their use (Schoch et al. 2012). Mitochondrial genes can be used in combination with
nuclear genes to identify species, once the mitochondrial genome (mitogenome) has
numerous copies inside the cell and its genic content tend to be conserved (Aguileta et al.
2014). Some studies showed that mitochondrial genes can be used to identify species of
some groups of fungi (Vialle et al. 2009; Kulik et al. 2015; Avin et al. 2017). Our research
group has previously estimated that the minor ribosome subunit gene (rnS) has a
conserved size within the order Hypocreales and does not have introns (Fonseca et al.
2020), indicating that this gene could be a candidate molecular marker for identifying
species of this order. In this study, we evaluated the potential of 7zs gene in discriminating
species of the order Hypocreales by using phylogenetic analyses. The assessment of a set
of isolates of the genus Trichoderma, widely recognized for containing cryptic species,
revealed that rns gene has similar robustness in comparison to sequences from ITS, tef
and CAL regions, and in some cases outperformed these other markers. Therefore, our
data suggests that rns can be an important candidate for the molecular identification of

cryptic species from the Hypocreales order.

Material and Methods
Hypocreales species identification and phylogeny-based analyses

A total of 35 reference mitogenomes of species from the Hypocreales were retrieved from
NCBI Organelle Genome Resources database
(https://www.ncbi.nlm.nih.gov/genome/organelle/). Identification of fungal species and
accession numbers are provided on Supplementary Table S1. The mitochondrial genomes
were selected and annotated following the steps published by (Fonseca et al. 2020).
Briefly, we annotated all mitogenomes wusing the software MITOS2
(http://mitos2.bioinf.uni-leipzig.de/index.py), RNAweasel and MFannot

(http://megasun.bch.umontreal.ca/RNAweasel/). Mitochondrial gene sequences were
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extracted using an in-house python program developed for the purpose of this study
(Supplementary text S1).

For mitochondrial-based phylogenies, the ribosomal gene rns was used and for
nuclear-based phylogenies, the following biomarkers were used: Internal Transcribed
Spacer (ITS), Translational Elongation Factor (zef), and Calmodulin (CAL).

For each phylogeny, sequence alignment was performed using the MAFFT
program (Katoh et al. 2019). The selection of the best evolutionary models and the
creation of maximum likelihood trees were done using the MEGA v.7 program, adopting
1000 replicates of bootstrap (Stecher et al. 2020). Colletotrichum graminicola was used
as outgroup. The trees were edited and rooted using Geneious v. 2021.0.3 software

(https://www.geneious.com).

DNA isolation, amplification and sequencing

Isolates from the species Trichoderma harzianum, T. longibrachiatum, T. virens, T.
asperellum, T. koningii, T. spirale, T. lentiforme and T. saturnisporum were used for total
DNA extraction, amplification and sequencing. For each isolate, the mycelium was
collected and placed into 2.0 mL tube containing 1 mL of extraction buffer from FastDNA
SPIN Kit (MP Biomedicals, CA, USA, 2020). The DNA extraction was carried out
according to the manufacturer instructions. Each DNA sample was diluted to 1:100 for
amplification. The ITS (7650 bp), CAL (7500 bp), and fef (550 bp) regions were
amplified using the PCR protocol described by (Vaz et al. 2018). Primers were designed
to amplify the rns gene (7650 bp) using the program Primer3 from Geneious v 2021.0.3
software (https://www.geneious.com). The primer sequences are available in the
Supplementary Table S2.

Successfully amplified PCR  products were purified using an
ethanol/ethylenediaminetetraacetic acid 125 mM precipitation protocol and the
sequencing reactions were performed on an ABI 3130 automated sequencer (Applied
Biosystems, Life Technologies Q7, CA, USA). Sequences were edited using Geneious
(version 9.1.6) and then used to build new phylogenies using the same pipeline described
in the section “Hypocreales species identification and phylogeny-based analyses”. All
sequences were deposited at NCBI database. The accession number are available in

Supplementary Table S3.

Barcode Gap analyses
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Barcode gap analyses were performed to evaluate the potential of the genes (ITS, CAL,
tef and rns) to identify Trichoderma species according to (Badotti et al. 2017). Distance
matrices were generated using p distance in the software Geneious Prime v 2021.0.3
(www.geneious.com). The intra and interspecific distances were separated in a matrix
and jitter plots were generated using the package ggplot?2 in R program v 1.1.463
(Wickham 2016).

Results and Discussion

The use of rns for the molecular identification of Hypocreales species

The similarity of morphological characters among some groups of fungi makes their
differentiation a challenging process (Xu 2016), then the use of molecular biomarkers has
been fundamental and widely used for the correct identification of many species. In 2012,
Schoch and colleagues proposed the ITS region as an universal molecular barcode for
fungal identification (Schoch et al. 2012). Since then, ITS has been the most used
molecular biomarker for fungal identification, however, this genomic region cannot be
considered universal, because it does not have sufficient resolution for the separation of
all fungal species, such as cryptic species (Badotti et al. 2018). Considering this
limitation, other molecular markers have been proposed for the identification of fungal
species. According to the review published by Badotti et al. (2018) data mining searches
in specialized literature and sequence public databases have pointed out which nuclear
genes are currently used as alternatives to the ITS region. It was found that the zef, CAL,
and tubulin genes, among others, are generally used in association with the ITS for the
identification and phylogenetic analysis of fungal species (Badotti et al. 2018). Based on
these data, we selected the zef, CAL and ITS region to compare with rns gene (Chaverri
et al. 2015; Badotti et al. 2018).

The order Hypocreales is composed by 14 families: Bionectriaceae,
Calcarisporiaceae, Clavicipitaceae, Cocoonihabitaceae, Cordycipitaceae,
Flammocladiellaceae, Hypocreaceae, Myrotheciomycetaceae, Nectriaceae, Niessliaceae,
Ophiocordycipitaceae,  Sarocladiaceae, Stachybotryaceae and Tilachlidiaceae
(Wijayawardene 2020). The identification of species from this order is still an arduous
task, once several different nuclear markers and morphological characters must be used
for the classification at species level (Torbati et al. 2019; Sun et al. 2019). Mitochondrial
genes have shown promising results to identify fungal species, with the advantage that a

single cell can have several copies of the mitogenome, which enhances the chances of
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successful gene amplification (Basse 2010; Kulik et al. 2020). In public databases, it is
possible to find mitochondrial genomes of six out of 14 families belonging to Hypocreales
(Fonseca et al. 2020). Recent study estimated that of all the mitochondrial genes present
in species of the Hypocreales order the only one that presents a single exon (absence of
introns) is the ribosomal gene rns. This gene has a size of approximately 1,500 bp, with
a conserved portion among all the 35 mitogenomes from Hypocreales analyzed (Fonseca
et al. 2020) . For this reason, we investigated whether the rns gene could be used for the
taxonomic and phylogenetic classification of the species belonging to this fungal order.
Figure 1a shows the rns phylogeny by the maximum likelihood method for the 35 species
evaluated in the study published by Fonseca et al. (2020). We noticed that all the six
sampled families were clustered with high statistical support (bootstrap value > 50%),
suggesting that this is a promising region to be used for the identification of species from
these families. Additionally, the genera Trichoderma (Hypocreaceae) and Fusarium
(Nectriaceae) are recognized for containing cryptic species, whose identification is a hard
task to be performed (Kulik et al. 2020). In the phylogeny of the rns gene, we observed
that all the species tested for these two genera were well separated compared to the other
regions tested, indicating that this gene could also be used to differentiate species at
genera level.

In order to compare the results of the phylogenetic analysis for the rns gene, we
searched public databases for sequences of other well-stablished molecular markers used
to identify species of Hypocreales. The phylogenetic trees for the ITS, tef, and CAL genes
are shown in Figure 1b-1d, respectively. Only the ITS phylogeny was able to separate the
species among the corresponding families. In the phylogeny of fef gene, for example, the
species  Trichoderma  gamsii  (Hypocreaceae) and Hirsutella rhossiliensis
(Ophiocordycipitaceae), Lecanicillium muscarium and Metacordyceps chlamidosporia
(Clavicipitaceae) and Beauveria pseudobassiana (Cordycipitaceae) were grouped into a
single cluster. In the phylogeny of the gene CAL, we observed that species of the family
Hypocreaceae grouped with Beauveria bassiana (Cordycipitaceae), and species of the
family Clavicipitaceae grouped with the species Hypomyces auratius (Hypocreaceae) and
the species M. chlamydosporia (Clavicipitaceae) grouped with C. graminicola
(outgroup). Despite the inconsistencies found, it was not possible to compare the
phylogenetic relationships of the 35 species analyzed in the rns phylogeny due to the
absence of sequences from the other regions used as molecular markers. It was possible

to recover sequences from three regions only for 12 species. Overall, our data suggested
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that the rns gene can be considered a biomarker for the identification of species of the
order Hypocreales and its usage can be used together with ITS region.

In order to confirm that the rns gene could be used for other species within
Hypocreales, we designed a pair of primers capable of amplifying a more conserved
region of the gene for the identification of 18 Trichoderma isolates. These isolates were
also identified by amplifying and sequencing the ITS, tef and CAL regions. Figure 2
displays the grouping of Trichoderma isolates by region. Using rns (Fig.2a), all the
species were grouped into the correct clades, except for the 7. lentiforme isolate (TCS1)
that grouped with different isolates from the harzianum/virens clade, indicating that this
region cannot separate the species from the clade. Figure 2b (ITS region), shows the
separation of the harzianum/virens clade into two different clusters, and in Fig. 2c (tef
gene) the species 7. virens (harzianum/virens clade) grouped with the species T.
saturnisporum (longibrachiatum clade) and 7. koningiopsis (Trichoderma clade)
(Kubicek et al. 2019). Moreover, in Fig. 2d, all the isolates of the same species or clade
were grouped correctly, indicating that the CAL gene was the best gene for classifying
the Trichoderma isolates tested in this study. Nevertheless, the rns gene and the ITS
region showed better results than the tef gene and can also be used in Trichoderma
identification studies.

Since CAL and rns presented the best results, we investigated whether the
combination of the rns and CAL genes (Fig. 2e) or rans and ITS region (Fig. 2f) would
increase the resolution for species classification, considering that any of them achieved
optimal results. Phylogeny based on information from the rns and CAL genes succeeded
in solving the clustering of 7. lentiforme with T. harzianum isolates and grouped T.
koningiopsis near T. asperellum and T. saturnisporum, indicating that this combination is
effective in classitying Trichoderma species, unlike the rns and ITS combination, which
did not result in the correct identification of all species. In parallel, we evaluated the
combination of ITS and CAL for the classification of species (Supplementary Fig. 1a)
and compared it with the other two combinations (rns and CAL, rns and ITS), which
highlighted that 7. saturnisporum was closer to the species from the harzianum clade than
to the ones from asperellum and longibrachiatum clades and it is known that these species
are more related among themselves than with the harzianum clade (Hassan et al. 2019).
In addition, the phylogeny based on rns, CAL and ITS (Supplementary Fig. 1b) showed
that the isolates TCS6 and TCSI15 are closely related and that the species T.

saturnisporum (R75 isolate) clustered together with asperellum and longibrachiatum
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clades, indicating that the combination of the three regions is a good option for
Trichoderma identification. While the combination of rns and CAL is the best option for
the identification of species from the Trichoderma genera, the ITS region presented better
clustering results for Hypocreales. For this reason, we suggest the use of rns and CAL to
identify species of Trichoderma, and rns and ITS region to identify other species from

the Hypocreales.

Effectiveness of rns and the other markers in the genera Trichoderma

The DNA barcode consists in the use of a short and standardized segment of DNA for
fast and accurate identification of species, and the marker accepted as fungal barcode is
the ITS region (Badotti et al. 2017). One of the methods used to evaluate the effectiveness
of a marker is the barcode gap analysis, in which it is evaluated whether the genetic
variation between the analyzed species exceeds the variation existing within these same
species for the selected DNA segment (Hebert et al. 2003).

In our study, in order to assess whether the rns gene could be used as a good
molecular marker, we compared the result of the barcode gap analyses from the molecular
markers and the rns gene used to identify 20 Trichoderma isolates. All the four markers
(ITS, tef, CAL and rns) showed a clear barcode gap (non-overlapping intraspecific
divergence with interspecific divergence), indicating that all the analyzed markers can be
used to separate different 7richoderma species (Fig. 3). Despite having a good resolution
for species separation, phylogenetic analysis has shown that the tef and CAL genes are
not sufficient for the taxonomic classification of some families of Hypocreales and the
Trichoderma genus. So far, a universal marker for all the groups of fungi has not been
found (Begerow et al. 2010). In this study, we suggest that the rns gene can indeed be
used as a biomarker and can be used together with the ITS region and other molecular

markers to identify species of the Trichoderma genus and the Hypocreales order.
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Fig. 1. Phylogenetic analyzes of species from the Hypocreales order. (a) Phylogeny of
the rns gene. (b) ITS region. (¢) fef gene and (d) CAL gene. The specie Colletotrichum
graminicola (Glomerellales order) was used as an outgroup.
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Fig. 2. Phylogenetic analyzes of species from the genus Trichoderma. (a) rns gene (b)
ITS region (c¢) fef gene (d) CAL gene. (e) rns and CAL genes (f) rns gene and ITS

region.
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Fig. 3. Barcode gap analysis based on intraspecific and interspecific distances for
isolates of the genera Trichoderma. (a) ITS region. (b) tef gene. (c¢) Analysis of CAL
gene. (d) rns gene.
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Supplementary Text 1. Script used in this work.
#This script is part of supplementary documents of " The potential of the mitochondrial
gene rns as a molecular marker for Hypocreales (Fungi, Ascomycota)"

#This script uses a gff and fasta files of a target species to get the sequences of genes of
interest (GOI)

#The gff file provide the start and end positions of each GOI.

#The output file is in fasta format, with the names (preceded by ') and the sequence of
genes of interest (GOI)

#*********************************************************************

*********#

# Run the code in Python 3+ #
#*********************************************************************
*********#

import sys

import os.path
from os import path

def checkInputFiles():
#Check if all the necessary files names are passed as arguments
if (len(sys.argv)!=3 or sys.argv[1].find(".gff")==-1 or sys.argv[2].find(".fasta")==-1):
print ("\nUsage:\npython getGeneSeqGff.py [file path name.gff]
[file path name.fasta]\n\n")
sys.exit(0)

gff file name=sys.argv[1]
fasta_file name=sys.argv[2]

#Check if path/files exists

if (not (path.exists(gff file name) or path.exists(fasta file name))):
print("\nOne or more files not found! Check the path and file names.\n")
exit(0)

return gff file name, fasta file name

#Reads whole sequence from input fasta file
def readFasta(fasta_file):
#Position 0 of whole genome will not be used
whole genome=""
for line in fasta_file:
if (line.find(">")==-1):
whole genome=whole genome+line.strip()
fasta_file.close()
return whole genome
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#This function check if the gene name is present in the whitelist array, case true, it
saves the name and sequence of the gene
def search genes(gene name,gene sequence, output_file, GOI):
for GOI in GOI:
if (gene name.startswith(GOI)):
output_file.write(">"+gene name+"\n"+gene sequence+"\n\n")
break

#Read the gff file to extract data.
#The gff file contains 1 gene per row with several values ordered by 'tab'. Its straight
forward to get the name and positions of a single gene
#and retrieve th sequence from the whole genome
def readGffSelGenes(GOI, gff file, output_file, whole genome):
for line in gff file:
values=line.split("\t")
#Start position is at index 3
start_gene position=values[3]
#End position is at index 4
end gene position=values[4]
#Name is at index 8
gene name=values|[8][values[8].find("Name=")+5:].strip()
#Get gene sequence

gene sequence=whole genome[int(start gene position):int(end gene position)+1]
#Verify if it is on gene whitelist to save in output file
search_genes(gene name,gene sequence,output_file, GOI)

def main():

GOI:{”ITIlL","I’pS3","1’121d2","1’18.d3","atp9",”COX2","1’121(141”,"1’13(15","COb",”COX1 H’Hnadl H,
Hnad H’Hatpgﬂ,Hatp6ﬂ,"rmsﬂ’llcox3 H,Hnad6ﬂ}

gff file name, fasta file name=checkInputFiles()

gff file=open(gff file name,'r')
fasta_file=open(fasta file name,'r")

whole genome=readFasta(fasta_file)

#Get ID specie from gff file name
#The strip will remove '.\' that appear on console in Windows 10 before path\filename
if (os.name=="nt"):

gff file name=gff file name.strip(".\\")

output_file name=gff file name[0:gff file name.find(".")]+" GOI.fasta"
#Open output file with ' GOI.fasta' extension
output_file=open(output_file name,'w")



readGffSelGenes(GOLgff file,output file, whole genome)

gff file.close()
output_file.close()
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print("\n\n ")
print("\nResults saved in: "+output_file name)

print(" \n\n\n"

)

if name ==' main "

main()
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Supplementary Table 1. Accession number for the mitochondrial genomes and other
molecular regions used in this study.

. Mitochondrial access ITS TEF CAL
Species
number
Acremonium KF757229
chrysogenum
Acremonium fuci NC 029851
Beauveria bassiana NC 010652 NR_11594 AY883713 GQ379924
Beauveria caledonica NC_030636 NR—(;W 14 EF469057
Beauveria malawiensis NC_030635 NR—é3697 DQ376246
Beauverig NC 022708 NR_11159 MH458405
pseudobassiana - 8
Clonostachys rosea NC 036667 NR—;6599 KP274074
Cordyceps brongniartii NC 011194 NR—? 159 KF782318
Cordyceps militaris NC 022834 AB968604
Epichloe festucae NC 032064 FJ664515  FJ605151
Epichloe typhina NC 032063 KP689551 KY962557
Fusarium circinatum NC 022681 NR—;2026 KX364414  KF397833
Fusarium culmorum NC 026993 MF511046  LR215910
Fusarium gerlachii KM486533
Fusarium graminearum KP966551 MK302127 HQ412343
Fusarium oxysporum AY945289 JF740878  AJ560774
Fusarium solani NC 016680 NR—§6353 MH582420 - KM231381
Gib'b.erella' NC 016687 MK654902 KU554607
moniliformis -
Hirsutella. NC_027660
minnesotensis -
Hirsutella rhossiliensis NC 030164 KR264025
Hirsutella vermicola NC 036610 NR 137547
Hypomyces aurantius NC 030206 FN868743  FJ442431
Ilyonectria destructans NC 030340 MK253049 KM231317
Lecamczl]zum NC 004514 NR 11109 KRO064305
muscarium - 6
Lecanicillium saksenae NC 028330 NR—EI 10
Metacordyceps AB758481 XM 01829
chlamydosporia NC_022835 2455
Metarhizium anisopliae NC_008068 NR—;3201 DQ463996 — AY635427
Metarhizium robertsii ~ JELW01000367 NR_%3201 MK715486  RC361874
Nectria cinnabarina NC 030252 KM231424



Trichoderma
asperellum

Trichoderma atroviride
Trichoderma gamsii

Trichoderma hamatum

Trichoderma
harzianum

Trichoderma reesei

Colletotrichum
graminicola

KR952346
JGI1185329
NC_030218
NC_036144
MT263519

NC_003388

NW_007361658

NR 13066
8
NR_07720
7
NR 13131
7
NR 13437
1
KC874893

NR 12029
7
NR 11119
0

KF425756
KJ665427
XM_01880
1118
KJ665514
MN597958
GQ354372

DQ512324

KT302160
DQ122166
IN133529
MK 696682
FI577725
GQ354306

XM_00809
3866

60
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Supplementary Table S2: Primer sequences used in this study.

Molecular Primer Forward (5°- Primer Reverse (5°-3%)
region 3)
ITS ITSS - ITS4 - TCCTCCGCTTATTGATATGC
GGAAGTAAAAGTCGTAACAAGG
tef EF700F - TEF1R - GCCATCCTTCGAACCAGC
TCTACCAGTGCGGTGGTA
CAL CAL228F - CAL737R -

GAGTTCAAGGAGGCCTTCTCCC  CATCTTTCTGGCCATCATGG

rns rnsF - msR - AACCACAGTTTCACAACATT
GAGAAGTGGCAAGTCCTATT




Suppelementary Table S3: Isolates identification and accession number

62

TCS83 Isolate

Gene/Region | Contig Specie BLAST result Closest
Identidade | Cover | e- Access
value number
ITS Yes Trichoderma | 100 100 0.0 KU059966
asperellum
Calmodulina | Yes Trichoderma | 99.11 94 0.0 Fl442414
asperellum
TEF Yes Trichoderma | 99.5 100 0.0 EF185998
asperellum
R78 Isolate
ITS Yes Trichoderma | 100 100 0.0 MK396898
koningiopsis
Calmodulina | Yes Trichoderma | 100 99.61 | 0.0 FJ467647
koningiopsis
TEF Yes Trichoderma | 100 100 0.0 DQ367692
koningiopsis
R62 Isolate
ITS Yes Trichoderma | 100 99 0.0 NR 077177
spirale
Calmodulina | Yes Trichoderma | 100 92 0.0 FJ436153
spirale
TEF Reverse | Trichoderma | 97.56 100 0.0 FJ442389
spirale
TCS15 Isolate
ITS Yes Trichoderma 100 0 100 | AF194013
auroviride
Calmodulina | Yes Trichoderma 96.36 |0 98 FJ442306
lentiforme
TEF Yes Trichoderma 99.07 |0 100 | AF348107
camerunense
TCS76 Isolate
ITS Yes Trichoderma 100 0 99 MF782822
harzianum
Calmodulina | Yes Trichoderma 99.78 | 0 96 FJ442338
harzianum
TEF Yes Trichoderma 99.62 |0 100 | AY605774
harzianum
TCS43 Isolate
ITS Yes Trichoderma 100 0 100 | MH624149
virens
Calmodulina | Yes Trichoderma 97.57 |0 96 FJ442405
virens
TEF Yes Trichoderma 99.81 |0 97 EU280060
virens
TCS35 Isolate
ITS Yes Trichoderma 100 0 100 | KP009228
harzianum
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Calmodulina | Yes Trichoderma 99.78 97 FJ442338
harzianum
TEF Yes Trichoderma 98.99 100 | AY605768
harzianum
TCS6 Isolate
ITS Yes Trichoderma lixii | 99.84 99 HQ608121
Calmodulina | Yes Trichoderma 96.37 99 FJ442306
lentiforme
TEF Yes Trichoderma 99.05 100 | AF348107
camerunense
TCS 1 Isolate
ITS Yes Trichoderma 99.67 100 | AF443913
lentiforme
Calmodulina | Yes Trichoderma 99.78 100 | FJ442287
lentiforme
TEF Yes Trichoderma 99.35 100 | FJ463309
lentiforme
R75 Isolate
ITS Yes Trichoderma 100 100 | NR 103704
saturnisporum
Calmodulina | Yes Trichoderma 98.50 40 JN388898
saturnisporum
TEF Yes Trichoderma 97.35 99 KJ713203
saturnisporum
R74 Isolate
ITS Yes Trichoderma 100 100 | MG490820
harzianum
Calmodulina | Yes Trichoderma 99.78 98 FJ442338
harzianum
TEF Yes Trichoderma 99.57 99 AY605775
harzianum
R72 Isolate
ITS Yes Trichoderma 100 100 | MG490811
harzianum
Calmodulina | Yes Trichoderma 99.78 97 FJ442338
harzianum
TEF Yes Trichoderma 98.62 100 | AY605768
harzianum
R39 Isolate
ITS Yes Trichoderma 100 100 | MH624141
koningiopsis
Calmodulina | Yes Trichoderma 99.79 100 | DQ367669
koningiopsis
TEF Yes Trichoderma 99.46 100 | FJ467647
koningiopsis
F130 Isolate
ITS Yes Trichoderma 100 100 | AF443913
lentiforme
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Calmodulina | Yes Trichoderma 99.07 100 | FJ463356
lentiforme

TEF Yes Trichoderma 99.78 97 FJ442306
lentiforme

F12 Isolate

ITS Yes Trichoderma 100 100 | KU059966
asperellum

Calmodulina | Yes Trichoderma 99.76 100 | EU248632
asperellum

TEF Reverse | Trichoderma 99.12 92 DQ122170
asperellum

C153 Isolate

ITS Yes Trichoderma 100 100 | KP009228
harzianum

Calmodulina | Yes Trichoderma 99.52 100 | KP757745
harzianum

TEF Yes Trichoderma 99.78 100 | FJ442338
harzianum
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Supplementary Fig.1. Phylogenetic analyzes from the genus Trichoderma using the ITS
region and CAL gene concatenated (a) and using the combination rns, CAL and ITS (b).
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Core components for the control of the replication and transcription of
mitochondrial genome in Trichoderma harzianum (Hypocreales) mitogenome
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Abstract

Fungal mitochondrial genomes encode 14 coding genes and two ribosomal genes that are
essential for the functioning of the oxidative phosphorylation process. Nevertheless, the
maintenance and control of expression of mitogenomes are dependent on the import of
several nuclear-encoded proteins which controls this process in the mitochondria. This
regulation is a complex mechanism that still poorly characterized in filamentous Fungi.
Trichoderma harzianum is one of the main species of the genus and is recognized for its
biotechnological potential. Herein, we report a new draft genome from the fungus
T.harzianum HB324. The genome annotation identified the presence of 16,858 putative
genes, and amongst them, 159 nuclear-encoded genes related to the mitochondrion. These
genes were grouped in five classes according to its role: replication, transcription,
translation, energy production and control of molecules to the internal matrix and
cytoplasm. Altogether, our results provide new pieces of information regarding genes
involved in the control and maintenance of the organelle and can also create new
perspectives to the study and understand of mitochondrial control in filamentous fungi.

Keywords: genomics, functional annotation, mitochondria, maintenance and
replication.
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Introduction

The Trichoderma genus (Ascomycota - Hypocreaceae), is one of the most diverse taxon
in the kingdom Fungi, with 300 species currently identified (Bissett et al. 2015). These
fungi have the characteristic of being ubiquitous and adapted to different lifestyles and
functions in the environment, and thus, they can be sapro-, simbio- or pathotrophs
(Kubicek et al. 2011; Vaz et al. 2018; Sood et al. 2020). The species Trichoderma
harzianum, as well as other species in the genus, have already been described as
biocontrol agents against other fungi and nematodes, producing secondary metabolites
with antimicrobial action, among others (Guo et al. 2018, 2019; Sood et al. 2020).

In recent years, many studies of comparative genomics have been published on
the Trichoderma, exploring the biotechnological potential and presence of genes
encoding lignocellulolytic enzymes in this group of fungi (Kubicek et al. 2011, 2019;
Venice et al. 2020). Nevertheless, basal and essential processes for the survival and
adaptation of these organisms in different environments are poorly understood (Selbmann
et al. 2013). The fundamental source for maintaining the life of eukaryotes is the energy
production, which is produced primarly by aerobic respiration through the functioning of
the mitochondria (Zardoya 2020).

Mitochondria is an organelle found in eukaryotic cells whose main function is to
generate energy through aerobic respiration, as well as to be involved in other cellular
processes, such as fatty acids and cofactor generation (Malina et al. 2018; Zardoya 2020).
This organelle descends from a likely alphaproteobacterial ancestor that was integrated
into the ancestor of eukaryotic cells, a process known as endosymbiosis, which led to the
retainment of part of the ancestral genetic material (Carvalho et al. 2015; Gustafsson et
al. 2016; Zardoya 2020). Mitogenomes (mtDNAs) are double-stranded DNA molecules
that can be circular or linear and contain a group of core and accessory genes that are
replicated, transcribed, and translated independently from the nuclear genome and based
on its own genetic code (Kulik et al. 2021). The study of fungal mitogenomes can also
provide information on the functioning of the organelle and the evolution of this group of
organisms, as well as present new genomic features that may serve as biotechnological
tools (Kulik et al. 2021).

The knowledge about mitochondrial functioning is of great importance, once the
energy produced by mitochondria is related to adaptation of fungi in different
environments and resistance to environmental stresses, in the production of mycotoxins

and pathogenicity of the fungus (Grahl et al. 2012; Tang et al. 2018). Mitochondria have
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also been described as essential in drug tolerance, since one of the main factors
responsible for this resistance are mutations in nuclear-encoding genes exported to the
mitochondrial matrix (Mosbach et al. 2017). Nevertheless, exploratory studies on
maintenance and control of the mitochondria and mitogenome in the kingdom Fungi are
generally focused on the yeast species Saccharomyces cerevisiae (Dirick et al. 2014;
Nguyen et al. 2020; Kulik et al. 2021). This species has several differences compared to
filamentous fungi. Yeasts have a high tolerance to mutations that can inactivate the
oxidative phosphorylation process, in addition, S. cerevisiae may not have the
mitogenome and may not be lethal for the cell, once it still uses fermentation for energy
production (Malina et al. 2018). Comparatively, filamentous fungi require the
mitogenome for energy production as they are obligate aerobes (Kulik et al. 2021).
Herein, we assembled a new nuclear genome of the endophytic fungus T.
harzianum HB324 isolated from leaves of Hevea brasiliensis (rubber tree). The final
genome size was 38.8kbp distributed in 216 contigs. Through the annotation performed,
we investigated the presence of nuclear-coding genes with mitochondrial location. In
total, 159 genes were identified, in which, the majority are related to the production and
export of energy molecules (ATP and GTP). Furthermore, genes involved in the
maintenance and transcriptional control of the mitogenome were also identified. It was
possible to estimate the transcription for all genes identified in this study. The results
provided a perspective for a better understanding of the functioning and regulation of the
mitogenome in fungal cells. Altogether, we present a new genomic source and improve
the knowledge of mitogenome regulation carried out by the nuclear genome of T.

harzianum.

Material and Methods

DNA extraction and genome sequencing

The isolation and sequencing of the Trichoderma harzianum HB324 isolate was carried
out as described by Fonseca et al., 2020 (Fonseca et al. 2020). Briefly, the isolate was
cultured for five days in 2% Malt Extract agar (MEA) and the mycelium was collected
from the agar surface. The total DNA was extracted with the FastDNA Kit according to
the manufacturer's instructions (MP Biomedicals, CA, United States), and the extracted
DNA was quantified using the Qubit dsSDNA BR Assay Kit (Thermo Fisher Scientific,
Waltham, MA, United States). The sequencing library was prepared using the NEBNext
Fast DNA Fragmentation and Library Preparation Kit (New England Biolabs, Ipswich,
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NE, United States) and subsequently sequenced on the HiSeq 2500 sequencer (Illumina,
San Diego, CA, United States).

RNA extraction, transcriptomics sequencing and assembly

The isolate 7. harzianum HB324 was cultivated for five days in MEA medium. RNA
extraction was performed using the mycelium collected by the surface of the plate and
then transferred to a microtube containing TRIzol® reagent (Thermo Fisher Scientific,
CA, United States) and macerated with liquid nitrogen. The integrity was checked by
eluting the RNA on an agarose gel with sodium hypochlorite (Aranda et al. 2012) and
visualizing the presence of three bands corresponding to the ribosomal RNA (28S, 18S
and 5.8S). In addition to the agarose gel, the quality of the total RNA was also verified
by the Bioanalyzer equipment with the Agilent RNA 6000 Nano Kit (Agilent
Technologies, Waldbronn, DE) through the microfluidic electrophoresis methodology
(On-Chip electrophoresis) provided. The sequencing library was prepared according to
suppliers’ protocols of the kits NEBNext Ultra II RNA Library Prep Kit and NEBNext
Poly (A) mRNA Magnetic Isolation Module (Ipswich, MA, USA) for enrichment of poly-
A transcripts and then sequenced on the HiSeq 2500 sequencer (Illumina, San Diego, CA,
United States). The transcripts were assembled using SPAdes v3.11.1 (Prjibelski et al.
2020).

Genome assembly and functional annotation and comparison of genome assembly
quality
Quality of the library's reads was verified using the FastQC v.0.11.5 program
(http://www .bioinformatics.babraham.ac.uk/projects/fastqc/). Adapters and low-quality
reads (Phred score < 20) were removed using the BBduk software from the BBtools
package (https://sourceforge.net/projects/bbmap/). In order to calculate the coverage of
the genome, it was considered 38 Mb as the expected size of the assembled genome
(Srivastava and Shahid 2014b) and the number of reads after the adapter's trimming. The
remaining reads were used to assemble the genome. Two assemblers were tested, SPAdes
v.3.11.1 (Prjibelski et al. 2020) and MASURCA v.3.3.1 (Zimin et al. 2013). Metrics from
the assembly were accesses using the QUAST v.2 (Gurevich et al. 2013) and BUSCO v.3
(Waterhouse et al. 2018) programs.

Functional annotation of the genome was performed using the MAKER program

(Cantarel et al. 2008) with four rounds of annotation. The generated RNA-seq were used
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to improve the quality of annotation and to predict gene regions. In the first round, an
internal MAKER algorithm was used to predict the genes and the RepeatModeler
program (Flynn et al. 2020) was used for repeat masking and identification of DNA
transposons and retroelements. In the second round of annotation, the SNAP software
(Korf 2004) was trained to predict genes, using the Fusarium graminearum as a model
for prediction. In the third round, the gene prediction was done with the program
GeneMark (Besemer 2001) and in the fourth round, we used the SNAP and Augustus
again. After the four rounds of annotation, a final file was generated with all the predicted
genes, which was used to perform the protein characterization according to the Uniprot
database using the makeblastdb application and blastp algorithm (The UniProt
Consortium 2019). Infernal software was used to predict non-coding RNAs (Nawrocki
and Eddy 2013). Gene ontology analysis was carried out in the GoFeat (Gene Ontology
Functional Enrichment Annotation Tool) (Araujo et al. 2018) platform to assess the

predicted proteome with e-value of 1e-10 for similarity analysis.

Identification of core components to the maintenance of mitochondrial replication
and transcription and their quantification

Through the annotation of the genome performed by Maker program and the results found
by GoFeat platform, it was possible to identify genes of probable mitochondrial function
by onthology. The sequences were extracted using the Bedtools program (Quinlan and
Hall 2010) and then manually cured for domain prediction. Seven transcriptome libraries
were used to evaluate the transcriptional profile of the genes that were correctly identified

with Salmon v. 1.0.4 (Patro et al. 2017) considering the value of Transcripts per million

(TPM).

Identification of Repeat Point Mutation pathway in 7. harzianum HB324

In order to investigate the presence and expression of the gene rid! involved in the Repeat
Point Mutation (RIP) process, we create a database containing amino acid sequences from
the proteins identified and characterized in Neurospora crassa (XP_011392925.1) and T.
atroviride (AEM66210.1) available in the NCBI database (Geer et al. 2010) and
compared with the assembled genome using the BLASTX tool considering an E-value of
le”® and coverage of 85% (Altschul et al. 1990). The sequence obtained was translated
and had the domains predicted with HMMER program (Finn et al. 2015). Transcriptional
profile of the ridl gene was assessed in the poly-A RNA sequencing using the Bowtie2
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mapper (Langmead and Salzberg 2012, p. 2), and the value was normalized by RPKM
(Reads per kilo base per million mapped reads) and compared with the normalized value

of the actin constitutive gene identified in 7. harzianum HB324 (Malinich et al. 2019).

Results

Trichoderma harzianum HB324 Assembly metrics and quality

In this work, we carried out the assembly of the 7. harzianum HB324 nuclear genome.
After removing the adapters and low-quality reads, 20,463,861,980 bases remained,
which corresponds to a coverage of 538X. We tried to assemble the genome using two,
SPAdes and MASURCA assemblers, and we also evaluated whether removing contigs
smaller than 100 bp would improve the assembly. Afterwards, the assemblage quality
was evaluated using the BUSCO program using a Fusarium graminearum genome as
reference. We observed that the resulting genome assembled by MASURCA had a greater
number of fragmented and absent genes (Supplementary Figure 1). Comparatively, the
assembly by the SPAdes showed a smaller number of fragmented and absent genes (three
and 18 respectively) (Supplementary Figure 1). Additionally, the elimination of contigs
smaller than 100bp using the SPAdes assembler did not affect the number of identified
genes. Therefore, we selected SPAdes assembled genome as reference for 7. harzianum.
The final genome size was 38,836,727 bp distributed in 216 contigs, in which the largest
one presented 1,388,115bp. The values of N50 and N90 were 450,962 and 271,392
respectively. The GC content was 48.89%. The size and GC content are similar to the
nuclear genomes of other Trichoderma species already sequenced and published

(Kubicek et al. 2019).

Number of predicted genes in Trichoderma harzianum genome

The composition of 7. harzinaum HB324 genome was estimated by gene prediction. The
genome comprises 16,858 genes (35,015,413 nt), of which 5,705 genes could not have
their function assigned by sequence similarity strategies. The number of non-coding
elements identified was 254, distributed in 185 tRNAs (15,421 nt) and 69 rRNAs (32,835
nt). The intergenic region represented 9,92% (3,860,035 nt) of total genome length. The
total number of single repeats were 8,501 (357,970 nt) and 1,599 (78,981 nt) low
complexity repeats. No retroelements or DNA transposons were found; however, we
identified 16 (1,446 nt) of rolling circles type and 1392 (456,423 nt) of uncharacterized

repetitions. In addition, nine snoRNAs (1,125 nt) were identified.
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Biological processes, molecular function and cellular components
Among the total predicted genes in 7. harzianum, we were able to assign gene onthology
(GO) term to 66.16% (11,153/16,858 genes). Of these, 22.58% of the genes could have
biological processes designated (events related to cellular functioning), 28.52% genes
presented information about cellular components (intra and extracellular location) and for
58.90% we found information regarding their molecular functions (product of genes
related to elementary activities at the molecular level) (Figure 1A).

The top 20 GO terms for each of the three function groups are detailed in Figure
1B, the main groups of biological processes are related to transcription (32%),
carbohydrate metabolic process (11%) and translation (9%). Furthermore, cellular
components are mainly related to integral component of membrane (47%), nucleus (22%)
and host cell nucleus (11%). The organelle with more GO terms is the mitochondrion
(2%). In relation to molecular functions, the ATP binding (17%), zinc ion binding (16%),
and DNA binding (12%) are those with the highest number of hits.

Identification of nuclear encoded genes related to the mitochondrial genome
replication and transcription
Nuclear-coding genes with mitochondrial location are extremely important to keep the

organelle functioning and thus, the energy supply to the cell (Gustafsson et al. 2016).
Analyzing the 7. harzianum HB324 genome, it was possible to identify 159 genes related
to the membrane and internal matrix of mitochondria. Among them, 39 genes have not
yet been characterized, but the term GO refers to the mitochondrial location and to
processes of ions and amino acids transport by membrane proteins and ribosome
formation, suggesting that there are unknown genes involved in the mitochondria
functioning process. The other identified genes were classified into five functional
groups: replication, transcription, translation, energy production and control of transit
molecules to the internal matrix. The group energy production has more characterized
proteins, accounting with 28 nuclear-coding genes. The identification of the genes found
is available in Supplementary Table 1.

Regarding the maintenance of replication, transcription and mitochondria control
of molecules to the internal matrix, the main genes were represented in Figure 2. Two
families of genes have been identified that are responsible for controlling mitogenome
replication. The first, DNA-directed DNA polymerase, is responsible for the extent of

replication. This enzyme requires other subunits for DNA sequence recognition and base
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repair (epsilon, kappa, and iota subunits respectively). The second family identified is the
mitochondrial genome maintenance protein (MGMI1) gene, responsible for the
maintenance and repair of the mitogenome. The third group identified is the
mitochondrial escape protein, responsible for maintaining the mitochondrial genome and
controlling the escape of mtDNA into the cell cytoplasm.

In the transcription group, the gene encoding the mitochondrial RNA polymerase
(POLRMT) enzyme, responsible for the initiation of mtDNA transcription was also
identified. After transcription, the gene encoding protein 10 in the formation of the
mitochondrial spliceosome and in the integrity of mtDNA. After transcription, the
translation of mitochondrial proteins is mediated by genes responsible for the proteasome,
such as ubiquitin protein ligase and the proteasome subunit alpha gene, besides the
presence of ribosomal genes responsible for ribosome formation and elongation factors.

The fourth group of energy production exhibits genes linked to the functioning of
the tricarboxylic acid cycle, pyruvate metabolic process, ribose phosphate metabolic
process, ketone body catabolic process and interaction with generated energy molecules
(ATP and GTP). In the last group, control of molecules to the internal matrix, genes
involved in protein processing and targeting, integral proteins to enable the transfer of
proteins and other molecules between the internal environment (mitochondrial matrix)
and the external environment (cell cytoplasm), such as mitocarriers, a gene responsible
for mitochondrial autophagy and mitofusin, responsible for the approximation and fusion
of mitochondrial membranes were also identified.

Moreover, we found four genes encoding the LCL3 endonuclease, a gene
encoding a LAGLIDADG homing endonuclease that is common to be identified in
mitochondrial genomes of fungi and was previously identified in the mitogenome of 7.
harzianum HB324 (Fonseca et al. 2020) as well as a homologous endonuclease III gene
that has the repair of excision sites as a putative function.

Furthermore, all genes identified in the nuclear genome involved in mitochondrial
processes presented transcripts. Figure 3 shows the transcription of the genes classified
in the mitogenome replication and transcription processes. The genes protein 10 and RNA
polymerase (transcription process) and MGM and the épsilon subunit of the DNA

polymerase showed the highest transcription.

RIP mechanism identification and transcription
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In ascomycetes, the Repeat Point Mutation (RIP) pathway is responsible for controlling
retrotransposons elements (Gladyshev 2017). In many fungal species it has also been
suggested that this pathway is associated with the absence of transposable elements in the
nuclear genome (Gladyshev 2017). As we did not identify any DNA or retrotransposons,
we investigated the presence of the rid/ gene, an essential gene identified in the RIP
pathway (John Clutterbuck 2011). In the Supplementary figure 2, we can check the gene
identified in 7. harzianum and compare it with the N. crassa gene, the model organism
of filamentous fungi. The protein predicted in 7. harzianum is smaller (473 aa compared
to 845 aa of V. crassa), but the DNA methylase domain has the same size (291 aa) in both
sequences. Furthermore, we checked the gene expression in the transcriptome used to
improve the annotation of the genome, and we found an expression of 1.1791 RPKM
(normalized value), close to the transcription of the constitutive actin gene (1.1700

RPKM).

Discussion

Trichoderma harzianum is a fungus with great biotechnological potential and can be used
in several industrial processes (Harman et al. 2004). In this work, we carried out the
assembly and annotation of the nuclear genome of 7. harzianum. The genome
characterization revealed the size of 38kbp distributed into 216 scaffolds. The genome
assembled, displayed 538X of coverage, however, it was not possible to assemble the
genome in a smaller number of scaffolds or chromosomes. This may be due to the type
of sequencing that relies on fragmentation and sequencing of these fragments, resulting
in the failure to assemble important genetic regions to fulfill the gaps in the genome
(Dominguez Del Angel et al. 2018). In spite of this feature inherent to the sequencing
type, the result obtained in this work was more informative than that presented in the
study by Kubiceck and colleagues (2019), in which two 7. harzianum nuclear genomes
were analyzed, the CBS 226.95 isolate with a size of 40 kbp and 841 scaffolds
(GCA _003025095) and the TR274 isolate with 2,281 scaffolds (GCA 002838845)
(Kubicek et al. 2019).

In order to improve the genome annotation, we sequenced seven RNA-seq
libraries poly-A enriched. These libraries were grouped and used to identify exons and
genes. Among all the identified genes, more than 30% had no similarity with GO terms,
indicating that many genes have not yet been characterized and do not have predicted

domains. Furthermore, no transposable element was identified. In the Hypocreales order,
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the absence or reduced number of these elements in the genome has already been
described in many species. For instance, in the species 7. virens, T. reesei and T.
atroviride, few copies of LINE, gypsy, and copia elements have been identified (Kubicek
etal. 2011) and in F. graminearum only a gypsy retrotransposon has been found (King et
al. 2015). The absence of transposable elements in the nuclear genome of 7. harzianum
may be due to the mechanism known as RIP, a sequence silencing pathway that is
believed to be responsible for controlling the dispersion of these elements. This
mechanism was first described in N. crassa (Margolin et al. 1998). It is still not well
known how the pathway works, however, in N. crassa the functioning is dependent on
the ridl gene (RIP-defective) (John Clutterbuck 2011). In order to corroborate the
possible presence of this pathway in 7. harzianum, we performed the search for similarity
of the ridI gene sequences and then estimated its expression. Based on the transcriptome
libraries, the expression levels identified were low and may be due to the absence of
transposable elements to silence.

Usually, genomics studies focus in the investigation of biotechnological interest
genes, such as the production of enzymes, secondary metabolites or pathogenicity factors
(Wei et al. 2002). In this study, we attempted to assess the presence of nuclear-coding
genes involved in the mitochondrial organelle and genome processes. This assessment is
of great importance since the production of energy by the fungal cell is based on the
functioning of the mitogenome. Nevertheless, there are few studies in mycology that
attempt to reveal the control of replication, transcription, translation and energy
production carried out in the mitochondria (Lipinski et al. 2010). The lack of information
about the probable function of these genes may be due to the quality of the genome, the
number of proteins identified, and the time and work spent to characterize in silico and in
vitro a single gene in filamentous fungi. Therefore, we made an outline of how the
mitochondria work from the genes identified in the genome annotation. As the number of
scaffolds in our genome is lower than the other published genomes, the use of the genetic
information from this genome is an opportunity for the investigation of these protein-
coding genes.

The endosymbiotic theory proposes that mitochondria is the product of the
symbiosis between a eukaryote and an Alphaproteobacteria ancestor. During
evolutionary time, the genetic material of the symbiont was transferred to the eukaryote
nuclear genome, and much of the information had been lost. Many genes involved in the

production of energy in the mitochondrial organelle are encoded in the nuclear genome
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and exported to mitochondria. This process is recognized in several eukaryote organisms,
as well as in fungi (Grahl et al. 2012; Gustafsson et al. 2016).

Unlike other organisms, fungi exhibit a huge diversity of size and composition of
mitogenomes, being able to code more than 100 genes and size greater than 200kbp (Liu
et al. 2020). Despite this diversity, it is not yet known how the control of replication and
transcription is performed in these mitogenomes. Here, 159 nuclear genes were identified
whose GO terms refer to the mitochondrial location. The largest number of genes
identified was from the energy production group, which involves proteins and the
functioning of the oxidative phosphorylation cycle. Genes involved in the maintenance
and control of replication, transcription, translation and control of entry and exit of
molecules to and from the mitochondrion have also been identified. In yeasts, the
presence of more than 400 nuclear genes encoding mitochondrial proteins has been
reported (Karlberg et al. 2000), and the mitochondrial proteome of S. cerevisiae, involves
more than 1,000 proteins (Bolender et al. 2008). In N. crassa, proteome studies have also
been carried out, but differently, only 438 mitochondrial proteins have been identified
(Ambrosio et al. 2013).

The correct functioning of the mitochondria depends on a complex crosstalk
process between the nuclear and mitochondrial genomes. Damage generated in either the
mitochondrial or nuclear genomes may be responsible for the cell's fitness and response
to stimuli. The replication and transcription of the mitogenome is dependent on the
nuclear genome transcription and, without the presence of the protein-coding genes
involved in both processes, proteins are not generated and, thus, oxidative
phosphorylation does not work. In mammals, different transcription profiles of nuclear
genes related to mitochondrial replication have been described. This is due to variations
in the mitogenome, suggesting that mtDNA provides feedback to the nucleus, and the
nucleus respond accordingly to the mitochondrial differences (Lechuga-Vieco et al.
2020).

Many studies have already been carried out and have identified the presence of
Nuclear Mitochondrial DNA (NUMT) in fungi, including in the 7. harzianum nuclear
genome (Brankovics et al. 2018; Fonseca et al. 2020). The mechanism involved in the
escape of DNA to the cytosol and, consecutively, to the nucleus are still not well known.
In S. cerevisiae, transfer of mtDNA to the nuclear genome has already been observed
when the cell had mutations in specific nuclear genes, depending on the structure of the

mitogenome and availability of sugars in the medium (Shafer et al. 1999). In this study,
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the gene coding for the mitochondrial escape protein was identified, whose GO refers to
the control of mtDNA escape to the cytosol, and this this gene may be involved in the
process of controlling NUMTs to the nucleus. In S. cerevisiae, this gene has already been
characterized in the control of mtDNA (Hanekamp and Thorsness 1996). Additionally,
other studies suggest that the transfer control of these molecules to the nucleus is also
dependent on the organelle’s morphology. In the study carried out by Dimmer and
colleagues (2005) in S. cerevisiae, it was described that the deletion of the genes encoding
membrane proteins Mdm31 and Mdm32 alter the morphology of the mitochondria,
making them spherical and the mtDNA unstable, impairing the inheritance process of
mtDNA (Dimmer et al. 2005). mtDNA instability and high mutation rates influence the
transfer of mitochondrial genes to the nucleus (Berg and Kurland 2000). In our study, we
have not identified any sequence similar to the genes described in S. cerevisiae, however,
three genes encoding membrane proteins have been identified with mitochondrial
inheritance, which can then be related to this process. Moreover, we have identified a
gene encoding mitofusion, a transmembrane protein of the GTPase family that helps in
the fusion of the outer membrane of mitochondria. This process is extremely important
for maintaining the organelle’s morphology. Deficiency of this gene in N. crassa has been
described as capable of altering the life span of the fungus. Thus, the presence of the
mitofusin gene, allows the organism to grow for much longer than organisms that lack
this gene (Kurashima et al. 2013).

In T. harzianum annotation, a gene encoding a homing endonuclease (HEG) —
LAGLIDADG, was also identified, which is frequently found in fungal mitogenomes
(Fonseca et al. 2020). HEGs are associated with the process of intron mobility or self-
splicing introns, in which a region is recognized for invasion, followed by transposition
in different sites (Hausner 2003). The presence of HEGs has already been identified in
the nuclear genome of other fungi. In some species, it was suggested that these genes
remained active performing the process of intron homing (Haugen et al. 2004), whereas
in others, it was shown that the start codon of the gene was lost, not being functional,
however, part of the domain is transcribed with part of another gene, and thus enabling
to alter the putative function of that gene (Dutheil et al. 2020).

In conclusion, the identification of nuclear-coding genes related to the
mitochondria can be useful to the development of new studies in applied areas in

Mycology, such as development of fungicides, and communication between organelles
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and other mechanisms found in the cell. Additionally, other nuclear-coding genes can be
identified helping to control the mitogenomes and its expression.
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Figure 1. GO-terms functional annotation of genes in the Trichoderma harzianum
HB324 genome. (A) The total number of sequences designated in each of the three
groups: Biological process, Molecular function and Cellular component. (B) The top 20
groups of sequences classified into each of the groups.
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Figure 2. The functioning of mitochondrial organelles. Proteins are translated from the
information from two different genomes, the mitochondrial and the nuclear. The
mitochondrial genome (mtDNA) encodes 14 protein-coding, two ribosome and one
ribosomal protein gene (see Fonseca et al., 2020). The nuclear genome (ADNA) encodes
158 genes involved in the maintenance, replication, transcription and translation of
mitochondrial organelles. These genes are synthesized in the cytosol and transported to
the mitochondria. The integral proteins of membrane allow the change of information
between the cytosol and the mitochondrial matrix.
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Figure 3. Transcription of the genes identified in the replication and transcription process
of mitogenome. The values were normalized by TPM.
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Supplementary Table 1. GO-based functional annotation of nuclear-encoded genes
involved in the function of mitochondrial organelles.

Group 1 - Replication

Gene GO term Function

DNA-directed DNA polymerase GO:0000166 DNA binding
Mitochondrial genome maintenance

protein GO:0000002 DNA repair
DNA polymerase epsilon catalytic
subunit GO:0000166  premeiotic DNA replication
DNA polymerase kappa G0O:0003684 damaged DNA binding
DNA polymerase iota subunit GO:0003684 damaged DNA binding
DNA repair protein REV1 GO:0003684 damaged DNA binding

UmuC domain-containing protein  G0O:0003684 damaged DNA binding

Group 2 - Transcription

Gene GO term Function
Mitochondrial RNA polymerase GO:0003677  transcription DNA
protein 10 GO:0000002 mRNA splicing via spliceosome
N-acetyltransferase GO:0003723  RNA processing
Group 3 - Translation
Gene GO term Function
ubiquitin-protein ligase GO:0000151  protein polyubiquitination
proteasome subunit alpha GO:0004298  proteasome core complex alpha
54S ribosomal protein L51
mitochondrial GO:0003735  mitochondrial translation

Elongation factor G mitochondrial ~ GO:0003746  mitochondrial translational elongation
MRP-L46 domain-containing protein G0O:0003735  structural constituent of ribosome
MRP-S28 domain-containing protein GO:0003735  structural constituent of ribosome

Mitochondrial ribosomal protein L43  GO:0003735  structural constituent of ribosome
L51 S25 CI-B8 domain-containing

protein GO:0003735  structural constituent of ribosome
Letm1 RBD domain-containing
protein GO:0005739  ribosome binding
Alanine--tRNA ligase GO:0000049 tRNA ligase activity
Elongator complex protein 3 GO:0000049  tRNA binding

Ubiquinone biosynthesis protein GO:0005739  ubiquinone biosynthetic process

Group 4 - Energy production

Gene GO term Function
Aconitate hydratase mitochondrial ~ G0O:0003994  tricarboxylic acid cycle
Acetylglutamate kinase GO0:0003991  arginine biosynthetic process
Actin-related protein 2 GO:0000001  ATP binding
Aminomethyltransferase G0:0004047  glycine catabolic process
ATP-dependent DNA helicase PIF1 ~ GO:0000723  ATP binding
Biotin synthase G0O:0004076  biotin biosynthetic process

CDP-diacylglycerol--glycerol-3-
phosphate 3-phosphatidyltransferase  GO:0005524  ATP binding




Cyclic pyranopterin monophosphate
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synthase GO:0005525 GTP binding
Dynamin-related GTPase GO:0000001  GTP binding
lysine biosynthetic process via
Homoaconitase mitochondrial G0:0004409 aminoadipic acid
Ferroxidase GO:0004322  heme biosynthetic process
glycine decarboxylation via glycine
Glycine cleavage system H protein ~ GO:0005739 cleavage system
Glycine cleavage system P protein ~ GO:0004375  glycine catabolic process
lysine biosynthetic process via
Homoaconitase mitochondrial G0:0004409 aminoadipic acid
Isocitrate dehydrogenase [NAD]
subunit mitochondrial GO:0000287 tricarboxylic acid cycle
Malic enzyme GO:0004471  pyruvate metabolic process
Mitochondrial Rho GTPase G0:0003924  GTP binding
NADPH-dependent diflavin
oxidoreductase 1 G0:0003958 hemoprotein reductase activity
NADPH:adrenodoxin oxidoreductase
mitochondrial GO:0005739  adrenodoxin reductase activity
NUDIX domain-containing protein ~ GO:0005739  ribose phosphate metabolic process
Ornithine transcarbamylase GO:0004585  ornithine carbamoyltransferase activity
Protein arginine methyltransferase
NDUFAF7 GO:0005739 N symmetric methyltransferase activity
RNA helicase GO:0003724  ATP binding
Succinate--CoA ligase [ADP-forming]
subunit alpha mitochondrial GO:0000166 tricarboxylic acid cycle
Succinyl-CoA:3-ketoacid-coenzyme
A transferase GO:0005739  ketone body catabolic process
Glutamyl-tRNA(Gln)
amidotransferase subunit A
mitochondrial GO:0004040  ATP binding
Glutamyl-tRNA(Gln)
amidotransferase subunit B
mitochondrial GO:0005524  ATP binding
Flavin prenyltransferase PAD1
mitochondrial GO:0005739  flavin prenyltransferase activity
Group 5 - Control
Gene GO term Function
Mitochondrial escape protein GO:0000002 mitochondrial genome maintenance
transporting ATP synthase complex
ATP12 chaperone GO:0005739 assembly
magnesium ion export from
Mitochondrial substrate carrier GO:0005743 mitochondrion
Mitochondrial inner membrane protein processing involved in protein
protease subunit 2 GO:0006465 targeting to mitochondrion
protein processing involved in protein
Mitochondrial intermediate peptidase GO0:0004222 targeting to mitochondrion
Mitochondrial glycine transporter ~ GO:0005743  glycine import into mitochondrion




&9

Cytochrome ¢ oxidase subunit 3 GO:0004129  aerobic electron transport chain
Complex I-ESSS GO:0005739  integral component of membrane
ATP synthase regulation protein
NCA2 GO:0005739  integral component of membrane
NADH-ubiquinone oxidoreductase
chain 3 GO:0005739  integral component of membrane
Autophagy-related protein 11 G0O:0000045  autophagosome
Altered inheritance of mitochondria
protein 24 mitochondrial G0:0005739 mitochondria inheritance
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Supplementary Figure 1: BUSCO assessments results of genome assembly using
SPAdes and MASURCA assemblers.
BUSCO Assessment Results
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Supplementary Figure 2: Characterization of rid] gene in Trichoderma harzianum.
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Transcriptional profile of Trichoderma harzianum mitogenome
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Abstract

Mitochondria can be found in most eukaryotic organisms and are mainly responsible for
energy production. Despite having a conserved gene content, fungal mitogenomes display
a high length variation due to the presence of non-coding regions. The study of
transcription and its control can provide clues about the role and how coding and non-
coding regions are maintained in the genome. In mammals, mitogenome replication can
generate double-stranded RNA (dsRNA) during transcription that can escape from the
organelle and alter cell function. RNA interference (RNA1) pathway is able to degrade
dsRNA and is responsible for post-transcriptional control in the cell. Moreover, it has
been shown that other surveillance pathways and proteins can also play a role on
degradation of aberrant dsRNA. Herein, we evaluated the transcriptional profile of
Trichoderma harzianum mitogenome by sequencing small and long RNAs and
investigated possible mechanisms that prevent abnormal molecules produced during the
transcription to damage the cell. We detected transcription for all core genes, in which
ribosomal genes showed the highest abundance. Interesting, we note that some non-
coding elements also presented transcription, even higher than genes known as essential
to the mitochondria. For many features, we observed sense and antisense transcription,
indicating the existence of mtDNA-derived dsRNA. Indeed, we performed a strand-
specific qPCR that detected sense and antisense transcripts in the rns ribosomal gene,
confirming that dsRNA is produced during transcription. It has been shown that
mitochondria-derived dsRNA molecules must be controlled to avoid misfunction of
cellular processes. Therefore, we investigated the existence of different mechanisms
described as targeting dsRNAs from the mitochondria. We were able to identify and
detect transcriptional activity for an orthologue of SUV3, dsRNA-degrading protein
described in mammals, and for the core genes of RNA interference (RNAi1) pathway
suggesting they are functional. Nevertheless, small RNA deep sequencing revealed small
RNAs entire mitochondrial genome. Molecular characteristics of mtDNA-derived small
RNAs resembles miRNA-like molecules derived from Fungi RNAi pathways, suggesting
that its functional and play a role in the silencing of aberrant mitochondrial dsRNA.
Altogether, our results indicate for the first time the production of mitochondria-derived
dsRNA in Fungi, which is targeted by dsRNA-degradation machinery, and possibly
works as a mechanism of control, such as those observed in mammals.

Keywords: Mitogenome, transcriptional profile, RNAi pathway, SUV3, dsRNA,
Hypocreales
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Introduction
Mitochondria are essential in most eukaryotic cells for producing energy that is used in

cellular processes. Its functioning is dependent on the expression of nuclear genes that
are imported to the mitochondrial matrix. In spite of this dependence, mitochondria also
has its own genome (Kotiadis et al. 2014; Mendoza et al. 2020). The fungal mitochondrial
genome (mitogenome or mtDNA) is of great importance for cellular respiration since it
encodes essential genes for the functioning of the phosphorylative chain (Malina et al.
2018; Zardoya 2020). The proper functioning of mitochondria is dependent on
coordinated regulation mechanisms for the maintenance of cellular processes (Mendoza
et al. 2020). Moreover, different studies have been shown that the characterization,
transcription and regulation of mitogenomes is one of the areas in Mycology that can
provide essential knowledge for the investigation of species adaptation in different
environments, pathogenicity, biofilm formation, virulence and oxidative stress (Grahl et
al. 2012; Tang et al. 2018).

The fungal mitogenome transcription is initiated by the Mitochondrial RNA
polymerase (POLRMT) enzyme encoded by the nuclear genome and imported into the
mitochondria (Mendoza et al. 2020). In mammals, mitogenomes are transcribed in long
polycistronic precursor transcripts derived from the two Heavy (H) and Light (L) strands,
in which 22 tRNAs, rRNAs and mRNAs are excised according to the punctuation tRNA
model (Ojala et al. 1981). The mRNA and rRNA sequences are then polyadenylated at
the 3" end and translated for use in the electron transport chain (Nagaike et al. 2005).

In yeasts, transcription of polycistronic transcripts derived from both strands have
also been described. Their transcription is polycistronic, and exhibits differences in the
transcription levels of some genes, suggesting that there is post-transcriptional regulation
(Kolondra et al. 2015). In filamentous fungi, however, the transcriptional profile of
mitogenomes is still poorly characterized. Indeed, there is a lack of information about the
profile and abundance of transcripts, the presence of non-coding RNAs, and how post-
transcriptional control is performed, since the available information is almost totally
restricted to genomic characterization data. (Kulik et al. 2021).

Bidirectional transcription of the mitogenomes can generate double-stranded RNA,
as demonstrated in mammals (Dhir et al. 2018). According to the aforementioned authors,
the mitogenome transcription is controlled by an RNA decay process called the
degradosome mitochondrial RNA (mtEXO). In the absence of this degradosome

complex, there is an accumulation of dsRNA in the mitochondrial matrix with
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consecutive escape to the cytoplasm (Dhir et al. 2018). Furthermore, dSRNA of viral and
cellular origin are recognized and processed by immune processes, altering cellular
metabolism (Wiatrek et al. 2019).

One of the mechanisms capable of silencing dsSRNA in the cytoplasm is the RNA
interference (RNAi) pathway, responsible for the regulation of gene expression, at the
pos-transcriptional level (Li et al. 2010; Dang et al. 2011b). dSRNA molecules are cleaved
into small RNAs (sRNAs) between 21-30 nt by the Dicer, an RNAse III enzyme. The
sRNAs are then loaded into the RNA-induced silencing complex (RISC) that contains an
Argonaute protein. This complex will be responsible for recognizing the target RNA by
base complementarity, and consecutive modulation of gene transcription (Kim et al.
2009; Czech and Hannon 2011; Huntzinger and Izaurralde 2011). This mechanism is
conserved among eukaryotes, and in fungi, two RNAi pathways have been described:
Quelling and Miotic Silencing by Unpaired DNA (MSUD). Quelling pathway is active
during the asexual phase, while MSUD is active during the sexual phase (Li et al. 2010;
Dang et al. 2011b). Nevertheless, the genes involved in each of the two pathways have
already been found in both sexual and asexual phases (Carreras-Villasefior et al. 2013;
Campo et al. 2016). RNA silencing in fungal species are associated to pathogenicity
(Weiberg et al. 2013), development (Carreras-Villasenior et al. 2013) and antiviral defense
(Segers et al. 2007; Campo et al. 2016).

Herein, we provide a comprehensive map of the Trichoderma harzianum
mitogenome transcriptome that contains a circular genome of 32,277 bp in length, 14
protein-coding genes, 28 tRNAs, two ribosomal genes and a ribosomal protein coding
gene (Fonseca et al. 2020). We performed different deep sequencing methods: mRNA
strand specific sequencing with rRNA depletion, poly-A enriched mRNA, and small
RNAs (sRNAs) to conduct the study. Our analysis show transcription derived from both
strands and different levels for each feature. Sequences from Introns, homing
endonucleases and ORFs without known function (uORF) display transcription level
similar to those observed in genes considered essential for the functioning of
mitochondria. The mitochondrial-derived sSRNA showed profile consistent with the
activation of the RNAi-related genes, suggesting that the pathway is probably functional.
Moreover, the presence of sense and antisense transcription in several features of the
mitogenome were detected. In order to confirm the generation of mt-derived dsRNA, we
performed stranded-specific amplification of the 7ns gene, and we detected RNAs derived

from both strands, detected even with low concentration. Additionally, we characterized
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the protein-coding gene SUV3, the only mtEXO gene found in 7. harzianum. Taken
together, our findings are of great importance for understanding the post-transcriptional

control in fungal mitogenomes.

Material and Methods
RNA deep sequencing of 7. harzianum HB324

Pure culture of 7. harzianum HB324 isolate was grown on 2% malt extract agar (MEA)
for five days. The mycelium was collected and ground with liquid nitrogen and 500 mg
aliquots were used for total RNA extraction using TRIzol Reagent (Thermo Fisher
Scientific, Carlsbad, CA, USA) following the manufacture’s recommendations. RNA
quality and quantity were evaluated using an automated electrophoresis system (2100
Bioanalyzer, Agilent RNA 6000 Nano Kit, Agilent Technologies, Waldbronn, DE).

For small RNA (sRNA) deep sequencing, RNA samples were stored with 30 puL
of RNA protection reagent (OMEGA bio-tek, Norcross, GA, USA). The samples were
prepared for sequencing with the NEXTflex Small RNA — Seq Kit V3, and sSRNAs were
selected by size (15-35nt) in denaturing SDS-PAGE electrophoresis (Bio Scientific Corp,
Austin, TX, USA), and sequenced using [llumina HiSeq (Illumina, San Diego, CA, USA).

Two types of library preparation were carried out for total RNA deep sequencing.
The first one using the kits NEBNext Ultra II RNA Library Prep Kit and NEBNext Poly
(A) mRNA Magnetic Isolation Module (Ipswich, MA, USA) for enrichment of poly-A
transcripts, and the second method for strand-specific with rRNA depletion sequencing
using the kits QIAseq Stranded Total RNA Library Kit together with the QIAseq
FastSelect RNA Removal Kit for depletion of rRNA and globin mRNA (Germantown,
MD, USA). Small RNA deep sequencing was prepared using the kit NEXTflex Small
RNA-seq Kit V3 (Bio Scientific Corp, Austin, TX, USA). The sSRNAs were selected by
size (15-35 nt) in denaturing SDS-PAGE electrophoresis, and the libraries were
sequenced on the HiSeq 2500 sequencer (Illumina, San Diego, CA, United States).

Bioinformatic analyses

Pre-processing of raw RNA reads comprised adapter trimming and quality filter, in which
reads with Phred quality <20 or less than 15 nt were removed using the BBduk package
from BBmap program (https://sourceforge.net/projects/bbmap/). The remaining
sequences from each library were mapped against the nuclear genome of the 7. harzianum

HB324 using Bowtie (sRNA library) or Bowtie2 (total RNA libraries) programs
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(Langmead 2010), allowing one mismatch. Only pre-processed reads that did not map
into the nuclear genome, were used for further analyses of the mtDNA of 7. harzinaum
(MT263519).

The sRNA size profile was calculated as the frequency of each SRNA read size on
the reference mitogenome, considering each polarity separately. The density of SRNAs
was calculated as the number of times SRNA sequences covered each nucleotide position
on the reference mitogenome. The sSRNA size profile and density were plotted using the
R program with the ggplot2 (Wickham 2009, p. 2).

In order to estimate the number of reads that aligned on each feature annotated in
mtDNA, we used the Bedtools program (Quinlan and Hall 2010). In the case of SRNA
libraries, only sequences with size between 20-23 nt were considered. For sSRNAs library,
feature counts were normalized by reads per million (RPM value), and for total RNA
libraries, we normalized the counts by Reads per kilo base per million mapped reads
(RPKM value). We also analyzed public fungal sRNAs deep sequencing libraries
available at NCBI database. The information for each library is available in Table 1.

dsRNA detection in mitochondrion genes in 7. harzianum HB324
In order to corroborate the data on the presence of dsRNA generated during the

transcription of mtDNA, we performed strand-specific RNA detection using a pair of
specific primers for amplification of the rns gene designed by our group (Table 2). Firstly,
total RNA was extracted with TRIzol reagent (Thermo Fisher Scientific, Carlsbad, CA,
USA) and then digested with DNAse I (New England BioLabs, MA, USA) followed by
cDNA synthesis, in which, five reactions were performed: (i) using random primers, (ii)
without reverse transcriptase enzyme, (iii) without the presence of primers and (iv) with
the designed forward and (v) reverse primers. The first three reactions were considered
control and the other two are specific for detection, using the forward primer to transcribe
the cDNA from negative (antisense) strand, and the reverse primer to transcribe the cDNA
from positive (sense) strand. For all the reactions, the mixture between primers (500 nM)
and RNA (200 ng) were incubated at 90°C for five minutes and then placed on ice for
another five minutes. cDNA was synthesized using the Superscript I enzyme (Thermo
Fisher Scientific, Carlsbad, CA, USA) at 50°C, for 30 minutes, and inactivated for 15
minutes at a temperature of 95°C. After synthesis, exonuclease I digestion (New England

BioLabs, MA, USA) was performed to inactivate primer sequences that remain in the
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reaction. Then, the cDNA was diluted 1:10 to be used for quantitative amplification
(qPCR).

The qPCR reaction was performed using the SsoAdvanced Universal SYBR
Green Supermix kit (Bio-Rad, CA, USA) with the appropriate primer containing a tag at
5" end (See Table 2). Each reaction contained primers in the concentration of 10 nM and
2uL of 1:10 diluted cDNA and a final volume of 10 uL. The cycling conditions were 95°C
for 10°, followed by 40 cycles of 95°C for 157, 60°C for 307, 72°C for 30” and a final
extension cycle of 72°C for 10°. In order to confirm the amplification, the gPCR product

was visualized in 1% agarose gel and sequenced by Sanger methodology.

Characterization of genes encoding proteins from RNA interference and SUV3
In order to perform the identification of genes encoding proteins involved in the RNAi

pathway, a database containing amino acids of each of the genes Argonaute (AGO),
Dicer-like (DCL) and RNA polymerase RNA-dependent (RdRp) sequences were created
according to (Carreras-Villasenor et al. 2013). For the identification of mitochondrial
exoribonuclease complex (mtEXO), a database of amino acids sequences was created
according to (Dhir et al. 2018). The databases were used as reference to perform sequence
similarity searches using Blast package (Altschul et al. 1990) with the thlastn parameter,
comparing amino acid sequences (databases) with similar nucleotide sequences in the
genome of 7. harzianum. The best results were filtered, translated, and submitted to
analysis on the PHMMER platform (Finn et al. 2015), which returned information on the
presence of protein domains in each of the sequences.

Sequences of each of the identified genes were further classified phylogenetically.
The sequences were aligned by the MAFFT program (Katoh et al. 2019) and ProtTest
program was used to verify the best evolutionary model according to the Akaike
Information Criterion (AIC) value (Akaike 1973). Phylogenetic trees were produced
using maximum likelihood method with 1,000 bootstrap replicates, which were edited

using the Mega software 6.0 and Geneious v. 2021.0.3.

Results

Overview of the mitochondrial transcription in Trichoderma harzianum
The long RNAs (IRNA) libraries enriched for poly-A generated an average of 46,793,666
reads, of which 0.05% mapped into mtDNA. On the other hand, IRNAs libraries depleted

for ribossomal genes generated an average of 37,143,603 reads, of which 2.7% mapped
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into mtDNA. The difference in the number of sequences mapped into mitogenome
suggests that the transcripts derived from the mitogenome are poorly or not
polyadenylated. Moreover, it was possible to detect reads derived from all the features
annotated on the mitogenome in both types of libraries (polyadenylated and strand-
specific). Nevertheless, ribosomal genes (rrnL, rrnS and rps3) were responsible for the
majority of the transcription (Figure 1). Interesting, we note that some features,
considered as accessory elements, exhibited higher counts than some protein-coding
genes as, for instance, orf312 and orf448 showed higher abundance than the nad5, nad4l
and nad3 genes. Sense and antisense transcription were also identified strand-specific
rRNA depleted libraries in all the features, mainly in ribosomal genes, for example, the
gene rrnS, which had a transcription of 209.1294 and 174,121 RPKM for sense and

antisense strands, respectively.

Detection of antisense transcription derived from the mitochondria

In order to confirm the presence of dsRNA derived from the mitochondria in T.
harzianum, we performed a ssqPCR method. These assays, employing tagged primers,
has been well-demonstrated to detect viral RNA of a specific polarity (Gu et al. 2007,
Plaskon et al. 2009). According to the results generated by the sequencing of total RNAs,
the genes with the highest antisense transcription was of ribosomal origin. We selected
the rns gene for the design of specific primers with a tag to ensure that only cDNA that
contains the tag is detected and quantified. The reaction for detection of the sense strand
was amplified at CT 17, while the amplification of the negative strand was at CT 35 (late
amplification). An electrophoresis was performed to confirm the amplification of the two
reactions and then subsequently, sequenced. The obtained sequences confirmed the
presence of the tag in the 3 end, indicating the detection of sense and antisense

transcription on thr rns gene (Figure 2).

Identification of genes involved on mitochondrial degradosome

In mammals, two proteins have already been described interacting in a mitochondrial
dsRNA degradation complex (Dhir et al. 2018). The proteins involved are
Polyribonucleotide Nucleotidyltransferase 1 (PNPT1), ATP-dependent RNA helicase
(SUV3), and 37S mitochondrial RNA-binding ribosomal protein (MRP1). The PNPT1
protein is found in the mitochondria membrane and is involved in the import of RNA into

mitochondria. The MRP1 protein is a component of the mitochondrial ribosome found in
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the inner mitochondrial membrane. The SUV3 protein is a helicase located in the
mitochondria and is involved in the RNA degradation complex (Dhir et al. 2018).

Only the gene encoding the SUV3 protein was found in T. harzianum genome as well
as in other species from Hypocreales order (Figure 3A). As in other eukaryotes, the amino
acid sequence identified also has the same domains: two helicases of RNA and SUV3
(Figure 3B). We also detected transcriptional activity for SUV3 orthologue, with
estimated abundance of 24 RPKM (Figure 4). However, more experiments are necessary
to assess the possible role of this orthologue of SUV3 protein of the degradation of
mtDNA-derived dsRNA.

Characterization of the core proteins of the RNA interference pathway in
Trichoderma harzianum

In order to characterize the RNAi pathway in 7. harzianum, we searched for the core
proteins in the assembled genome. Using sequence search strategy, we were able to
identify three AGO, two DCL and three RdRp gene sequences. These sequences were
translated for domain analysis in the PHMMER program. AGO proteins showed the PAZ
domain responsible for recognition and binding on the 3" end of siRNA and miRNA, and
the Piwi domain involved in target cleavage (Figure 5). DCL proteins contain the RNA
helicase domains for processing long substrates, dSRNA binding and two RNAse III
catalytic domains. The DCL sequence, classified as quelling, also features a DEAD box
domain to help the helicase in unwinding the RNA strand (Figure 6). All the three RdRp
protein sequences contain the RdRp domain (Figure 7).

The proteins identified in 7. harzianum were grouped with proteins from other species
of the Ascomycota phylum. Using phylogenetic analysis, it was possible to classify each
of the proteins in the respective classes of the RNAi pathway: Quelling and MSUD. Two
AGO (Figure 5), one DCL (Figure 6), and one RdRp (Figure 7) proteins were classified
in Quelling group, while one AGO, DCL, and RdRp were classified in MSUD group.
Additionally, one RdRp sequence protein was classified as unknown (Figure 7). Quelling
is responsible for maintaining the genome integrity, acting on the response against viral
sequences and mobile elements, growth control, and mycelial development during the
asexual phase. In contrast, MSUD is responsible for protection against mobile elements
during meiosis (sexual phase) (Carreras-Villasefior et al. 2013; Torres-Martinez and

Ruiz-Vazquez 2017).
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In order to confirm that the protein-coding genes were being transcribed, we estimated
the transcription of each identified gene. Genes classified as from Quelling pathway
exhibited a greater transcription, for instance, the Dicer and Rdrp genes from MSUD
pathway had almost no transcription (less than 2 RPKM). Moreover, the gene with the
highest transcription was the RdRp of unknown function (45 RPKM) (Figure 4).

Small RNA profile in mitogenomes
The RNAIi pathway in fungi has the main function to maintain the integrity of the nuclear

genome against selfish elements and strike viral infections (Dang et al. 2011b).
Nevertheless, in despite of the involvement in the control of viruses, there is no
information about the role of sSRNAs in silencing elements from the mitogenomes. Thus,
we sequenced sRNAs to investigate the role of RNAi pathway in controlling the integrity
of the mtDNA.

The sRNA library generated a total of 6,536,053 reads. These sequences were
compared with the mitogenome of 7. harzianum HB324, in which 1,67% reads were
mapped. The sSRNA profile showed a peak size between 20-22 nt (Figure 8A), typical of
RNAI pathway activation in fungi, especially miRNA-like (Schumann et al. 2010). Small
RNAs were mapped throughout the mitogenome of 7. harzianum HB324 (Figure 8B),
and the SRNAs with size between 20-22 nt were considered to estimate the transcription
of each feature of the annotated mtDNA (Figure 9). Ribosomal genes showed a higher
number of sRNAs, probably due its high transcription previously identified in IRNAs
libraries. Furthermore, other features such as, orf324, homing endonucleases
(LAGLIDADG and GIY) and Intron IB also showed a considerable number of sequences
when compared to other genes that are essential for the functioning of mitochondria, such
as atp8, atp9, nadl and nad4l. In order to ensure that the mapped reads are of
mitochondrial origin, we also perform the mapping against the nuclear genome and,
therefore, confirmed that the result are were actually from the mitogenome
(Supplementary figure 1).

In order to compare the results found in SRNA library of 7. harzianum HB324,
we evaluated other public SRNAs libraries. In Figure 10 we can see the same profile of
size and mapping identified in our library in the species 7. atroviride (Figure 10A) and
Fusarium graminearum (Figure 10B). RNAi pathway has three groups of genes essential
for its functioning. The previously studied F. graminearum species had knockout SRNA

libraries for each of the gene groups, enabling to assess the role of each protein on the
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production of small RNAs from mitogenome. Figure 11 shows the small RNA abundance
in libraries with knockout for the genes DCL1, DCL2, DCLI and 2, AGO1, AGO2,
AGOL1 and 2. Knocked-out libraries displayed a difference in the number of sSRNAs 20-
23 nt mapped in mtDNA. The AGO (Quelling pathway) knockout exhibited a higher
number of sRNAs than the DCL (Quelling pathway) knockout. The AGO and DCL
knockout classified as MSUD pathway did not show a variation in the number of
generated sRNAs. This difference is due to the sexual phase of the species F.
graminearum (asexual phase), and the genes of the Quelling pathway have a greater
influence on the SRNA generation. Altogether, these indicates that the RNAi pathway
plays a role in the transcriptional regulation of mtDNA (Figure 12).

Discussion
Mitochondria are essential for most of the eukaryotic cells as it provides energy to cells

in the form of ATP molecules (Vartak et al. 2013). Changes in the functioning of
mitochondria can result in serious consequences. In mammals, for instance, numerous
diseases caused by mitochondrial disorders have already been characterized, such as
Parkinson's disease, cardiomyopathy and others (Li et al. 2019). Thus, studies that aim
to evaluate the mitogenome transcription are extremely important for understanding the
mitochondrial functioning. Nevertheless, in the kingdom Fungi, mitogenome
transcription studies are restricted to yeast species (Kolondra et al. 2015) and is assumed
that the knowledge obtained is universal for all fungi.

Herein, we evaluated the transcriptional profile of the 7. harzianum HB324
mitogenome (Vaz et al. 2018) by performing the sequencing of the transcriptome
enriched for mRNAs and strand-specific rRNA depleted libraries. In both methods it was
possible to identify sense and antisense reads in most of the features of mitogenome. A
higher number of reads mapping the mitogenomes were found in the strand-specific
libraries, suggesting that fungal mitochondrial transcripts are not polyadenylated, such as
the mitochondrial mRNAs from yeasts (Chang and Tong 2012). Nonetheless, in the study
by Gowda and colleagues (2010), transcriptome enriched for mRNAs was performed in
the species Magnaporthe oryzae, and only 43 reads mapped to the mitogenome,
suggesting that the transcripts are not polyadenylated (Gowda et al. 2010).

The genes that showed the highest transcription in the evaluated libraries were
genes of ribosomal origin. Other features considered non-coding elements such as orf324,

showed a greater transcription than other protein-coding genes, indicating that these
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regions may have a probable function. In mice, it has been reported that 15% of the
mitochondrial transcriptome is represented by long non-coding RNA (mt-IncRNA),
found in both ribosomal and protein coding genes (Villegas et al. 2000; Rackham et al.
2011). Thus, we suggest that some of the genes classified as non-coding may have the
function of IncRNAs; however, further studies are needed for confirming this hypothesis.

Antisense transcription was identified in many features in all the evaluated
libraries. Circular mitogenomes are bi-directionally transcribed, and are being able to
generate overlapping transcripts that may result in double-stranded RNA structures (Dhir
et al. 2018). In mammals, it is known that the accumulation of dsSRNA in the cytoplasm
of cells can be toxic due to the inhibition of protein synthesis (Cooper et al. 1979).
Therefore, eukaryotic cells may have a mechanism to control dsSRNA generated by
mitochondria. In mammals, two proteins have already been described interacting in a
mitochondrial dsSRNA degradation complex (mtEXO) (Dhir et al. 2018). The proteins
involved are PNPT1 and SUV3. The PNPT1 protein is found in the mitochondria
membrane and is involved in the import of RNA into the organelle, stability of mRNAs
generated in mitochondria and degradation of non-coding RNA. Silencing studies have
shown deleterious effects on RNA import and translation of the mitogenome (Vedrenne
etal. 2012).

The SUV3 protein is a helicase located in the mitochondria and is involved in the
RNA degradation complex mtEXO. Only the gene SUV3 was found in the nuclear
genome of 7. harzianum. This protein has already been identified in other species of
filamentous fungi and yeasts. In the latter case, functional studies have already been
carried out and it has been demonstrated that the loss of SUV3 was responsible for the
accumulation of intronic RNA sequences and subsequent changes on the stability of
mitochondrial transcripts, indicating that this gene is essential for the respiratory chain
(Golik et al. 2004), and suggesting that, in filamentous fungi, this gene has the same
function.

In order to confirm the presence of RNAi pathway in 7. harzianum, we
characterized the genes encoding AGO, DCL, and RdRp genes in the nuclear genome.
Two sequences of the DCL gene and three sequences were found for each of the AGO
and RdRp genes. Besides, two genes from AGO family were classified in the Quelling
pathway (asexual phase). The presence of two AGO proteins in the RNAi pathway has
already been reported in the fungal specie Magnaporthe oryzae by Nguyen and colleagues

(2018) and has been related to a mechanism for suppressing the activity of the other two
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AGO genes. This mechanism would be important to maintain a baseline level of
transposition of mobile elements during the asexual phase, allowing some genetic
alteration to occur (Nguyen et al. 2018). Each DCL gene was classified into a sexual
phase. As for RdRp, one of the genes was classified in a group considered unknown. A
previous study by Zhang and colleagues (2014) identified this third group of RdRps as a
non-functional pseudogene; however, the protein has the complete domain and, therefore,
studies should be developed to investigate their possible functions (Zhang et al. 2014). In
this study, we verified that the RdRp gene classified as non-functional displayed the
highest transcription level when compared to all the other evaluated genes, indicating that
the gene is transcribed and that it may have an uncharacterized function. Additionally,
the classified genes belonging to the Quelling pathways showed a higher expression than
the genes classified as MSUD. This was already expected since the genus Trichoderma
is considered the asexual phase (anamorph) of the genus Hypocrea (teleomorph or sexual
phase). Similarly, in the study conducted by Campo and colleagues (2016) the expression
of each AGO, DCL, and RdRp protein in the specie C. higginsianum were reported and
the proteins classified in the Quelling pathway had a higher expression than the proteins
classified in MSUD, which is consistent with the sexual phase (Campo et al. 2016).

The data obtained from sRNA sequencing suggests that RNAi pathway is active,
due to the presence of a peak between 20-22 nt. Furthermore, it was possible to map the
entire extension of the mitogenome in both strands (sense and antisense), indicating that
sRNAs are generated in mitochondria (Lax et al. 2020). Nonetheless, no other study had
shown evidence on this pathway activity in controlling the mitochondrial genome.

In order to corroborate the presence of SRNAs throughout the fungal mitogenome,
we evaluated public sRNA libraries from two other species, 7. atroviride and F.
graminearum. In both, it was possible to identify the same size profile and mitogenome
mapping. In the case of F. graminearum, it was still possible to evaluate the impact of
AGO and DCL genes on the generation of mitochondrial SRNAs. Usually, the knockout
libraries for the DCL genes had a reduction in the number of sSRNAs when compared to
the control library and the knockout libraries for the AGO genes. This difference has
already been observed in Colletotrichum higginsianum (Campo et al. 2016), and it is
already expected since the knockout of the DCL prevents the dsSRNA from being cut into
smaller pieces, thus reducing the number of sSRNAs. In the case of AGO knockout, an

accumulation of sSRNAs will occur, since they are cleaved by the DCL but not loaded into
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the RISC complex (Campo et al. 2016). Taken together, these results indicate that the
RNAI pathway has a role in controlling mitogenomes.

In conclusion, the data found in this chapter can help in the transcription and its
control knowledge in filamentous fungi Current knowledge about mitochondrial
functioning is based on model and easily growing organisms, such as yeasts, however, it
is known that each group of organisms has its idiosyncrasies and, thus, differences in
functioning. For instance, many yeast species do not have genes involved in the RNAi
pathway (Drinnenberg et al. 2009), unlike filamentous fungi, and our findings suggest a
possible role of this pathway in the post-transcriptional control of mitogenomes in

filamentous fungal species.
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Table 1. Public sSRNAs libraries used in this study.
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Condition

Species

SRA ID

Five days of cultive
Five days of cultive
DCL1 Knockout
DCL2 Knockout
DCLI1 and 2 Knockout
AGO1 Knockout
AGO2 Knockout
AGO1 and 2 Knockout

Trichoderma atroviride
Fusarium graminearum
Fusarium graminearum
Fusarium graminearum
Fusarium graminearum
Fusarium graminearum
Fusarium graminearum
Fusarium graminearum

SRR8280363
SRR4415737
SRR4415738
SRR4415739
SRR4415740
SRR4415741
SRR4415742
SRR4415743
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Table 2. Sequences of primers for quantitative PCR

Primer .
Purpose name Step Primer sequence
RT- 5" GCGTCATGGTGGCGAATAAACAGCCATGCAACACCTGTA
rns R tag PCR 3
Positive
Strand 5" GCGTCATGGTGGCGAATAATGGCAACGCTGGAACTGTAA
detection ms_F tag qPCR 3
Tag qPCR GCGTCATGGTGGCGAATAA
RT- 5" GCGTCATGGTGGCGAATAATGGCAACGCTGGAACTGTAA
. ms F tag PCR 3
Negative
strand 5" GCGTCATGGTGGCGAATAAACAGCCATGCAACACCTGTA
detection ms R tag qPCR 3
Tag qPCR GCGTCATGGTGGCGAATAA
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Figure 1. Analysis of the number of IRNAs reads mapped in the Trichoderma harzianum
mitogenome in poly(A) libraries and in strand-specific rRNA depleted libraries. The
values are normalized by RPKM.
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Figure 2. The gene rns sequenced with primers with specific tag for detecting (A) sense

and (B) antisense transcription.
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Figure 3. Characterization of the protein-coding gene SUV3. (A) Phylogenetic analysis
using the Maximum Likelihood method with 1000 bootstrap replicates. (B) Domains
found in the SUV3 protein.
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Figure 4. Transcriptional profile of the protein-coding genes involved in the mtEXO and
RNAIi pathway identified in Trichoderma harzianum. The values are normalized by

RPKM.
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Figure 5. Phylogenetic and domain analyses of Argonaute proteins using maximum
likelihood method with 1000 bootstrap replicates. The green diamond represents the
proteins identified in Trichoderma harzianum. The blue and yellow clades represent

MSUD and Quelling respectively.
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Figure 6. Phylogenetic and domain analyses of Dicer proteins using maximum likelihood
method with 1000 bootstrap replicates. The green diamond represents the proteins

identified in Trichoderma harzianum. The blue and yellow clades represent MSUD and

Quelling respectively.
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Figure 7. Phylogenetic and domain analyses of RNA-dependent RNA polymerase
proteins using maximum likelihood method with 1000 bootstrap replicates. The green
diamond represents the proteins identified in 7richoderma harzianum. The blue, yellow

and pink clades represent MSUD, Quelling and unknown class respectively.
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Figure 8. Analysis of sequencing of SRNAs mapped in the mitogenome of 7richoderma
harzianum HB324. (A) Profile of sSRNAs mapped in the mitogenome and presence of a
peak between 20-22 nt. The colors represent the preference of bases at the 5° end of the
small RNAs. (B) Sequences of sSRNAs mapped in the mitogenome. Sense sequences
(represented in blue) above the y axis and antisense sequences (represented in brown)

below the y axis.
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Figure 9. Analysis of the number of sRNAs reads mapped in each feature of the

d by RPM.
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Figure 10. Profile of SRNAs mapped in the (A) Trichoderma atroviride and (B) Fusarium
graminearum mitogenomes. The colors represent the preference of bases at the 5° end of
the small RNAs. Sense sequences (represented in blue) above the y axis and antisense

sequences (represented in brown) below the y axis.
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Figure 11. Analysis of the number of sSRNAs reads mapped in each feature of the
Fusarium graminearum mitogenome in knockout libraries for the Argonaute and Dicer

genes. The values are normalized by RPM.
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Figure 12. Reads mapped into 7. harzianum mitogenome from small RNA libraries. The
values were normalized by RPM divided by control library and put in log2. The Quelling,
MSUD and double knockout are classified by different colors.
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Supplementary Figure 1. Analysis of the number of sSRNAs reads mapped in each
feature of the Trichoderma harzianum mitogenome.
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DISCUSSAO INTEGRADA

Genomas mitocondriais de fungos (mitogenomas ou mtDNA) sdo altamente varidveis em
tamanho e contetido génico devido a presenca de regido intergénica, introns, ORFs sem
funcdo definida (uORFs) e eventos de recombinagdo (Hausner 2003; Pogoda et al. 2019;
Kulik et al. 2021). Adicionalmente, introns mitocondriais podem ser self-splicing,
podendo ser excisados e inseridos em outra regido do mtDNA através de enzimas com
funcdo de homing endonuclease ou por fatores do proprio genoma hospedeiro que ainda
ndo sdo bem conhecidos (Hausner 2003; Kulik et al. 2021). Geralmente, mitogenomas
codificam um grupo de 14 genes codificadores de proteinas envolvidas na forsforilacao
oxidativa, dois genes ribossomais (subunidade menor e maior) e um gene codificador de
proteina ribossomal (Hausner 2003; Kulik et al. 2021).

No capitulo um dessa tese, foi investigado o perfil de variagdo de tamanho e
contetido de mitogenomas na ordem Hypocreales. Essa ordem ¢ conhecida por ser uma
das mais diversas e ricas do reino Fungi, desempenhando inumeras fungdes ecologicas e
com capacidade de adaptagdo rdpida em diferentes ambientes. Nesse capitulo, foram
avaliados 35 mitogenomas, sendo o mtDNA de 7. harzianum apresentado pela primeira
vez. Nas andlises genomicas comparativas, foi possivel identificar que a maioria das
espécies apresentam o conjunto dos 17 genes core (genes codificadores de proteinas e
ribossomais). Entretanto, a variacdo de tamanho dos mitogenomas foi correlacionado
positivamente com o tamanho das regides nao-codificantes. Andlises evolutivas
indicaram que as espécies cujo mitogenomas possuem uma maior taxa de mutacdes
sindnimas (evolucdo mais rapida) tendem a acumular um maior nimero e tamanho das
regides ndo-codificadoras. Muitos estudos demonstraram que a aquisi¢cdo de regides nao-
codificantes ¢ devido a eventos de transferéncia horizontal entre espécies (Wu and Hao
2014; Kanzi et al. 2016; Kolesnikova et al. 2019), entretanto, neste capitulo
demonstramos que grande parte da regido codificante ¢ correlacionada com a taxa de
evolucdo dos mitogenomas. Neste capitulo também foram identificadas sequéncias de
genes mitocondriais duplicados no genoma nuclear (NUMT). Além disso, a maioria dos
genes core foi encontrada em, pelo menos, um genoma nuclear, com exce¢ao dos genes
atp8, atp9 e cox3.

Mitogenomas sdo conservados e podem apresentar mais de uma copia por célula.
Por essa razdo, alguns trabalhos vém sendo desenvolvidos utilizando-se genes

mitocondriais para a identificacdo molecular de espécies (Vialle et al. 2009; Kulik et al.
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2015, 2020). Em mamiferos, por exemplo, o gene cox!/ ¢ considerado o gene de escolha
para uso como DNA barcode (Hebert et al. 2003). Em fungos, alguns estudos ja
sugeriram o uso do gene cox! e cob para alguns géneros, apresentando bons resultados
na separacdo e diferenciagdo de espécies. No entanto, esses dois genes apresentaram o
maior nimero de introns na ordem Hypocreales de acordo com a andlise realizada no
capitulo um. Em contrapartida, o gene da subunidade menor do ribossomo, rns, foi o
unico gene que apresentou um Unico exon em todas as espécies analisadas, sugerindo que
este gene poderia ser um candidato a biomarcador para a identificagdo de espécies da
ordem (Fonseca et al. 2020). Por essa razao, no capitulo dois, testou-se o uso do gene rns
poderia para a identificagcdo de espécies e utilizando o género Trichoderma como modelo
de estudo. Os resultados encontrados foram comparados com a identificagdo por outras
trés regides, ITS, calmodulina e fator de elongacdo. Conforme os dados obtidos, a
identificagdo especifica realizada pela amplificagdo por apenas uma das regides ndo ¢
suficiente, mas a combinacdo das regides rus, calmodulina e ITS apresenta uma 6tima
estratégia para a identifica¢do correta das espécies.

Devido a variagdo na composi¢do génica, e a presenca de sequéncias de NUMTs
no genoma nuclear, o controle, manuten¢do, replicacdo e transcricdo de mitogenomas
deve ser realizado por uma maquinaria coordenada e eficiente para o funcionamento
correto e, consequentemente producdo de energia (Mosbach et al. 2017; Tang et al. 2018).
Contudo, grande parte do conhecimento sobre os genes e maquinaria envolvidos no
controle da organela e genoma sao baseados no conhecimento desenvolvido em leveduras
e poucos na espécie-modelo de fungos filamentosos Neurospora crassa (Kulik et al.
2021). Por essa razdo, no capitulo trés, foi realizado a identificacio de genes
possivelmente envolvidos na replicacdo, transcri¢do, tradugdo, producdo de energia e
manuten¢do da morfologia e transferéncia de moléculas entre o meio interno (matriz
intracelular da mitocondria) e externo (matriz extracelular - citoplasma). Para confirmar
os dados encontrados, ¢ necessario ainda um estudo aprofundado e analises de proteoma
para identificar se os genes sdo traduzidos e se possuem sitio de agdo no interior da
organela mitocondrial. Essa etapa ainda serd desenvolvida posteriormente.

No capitulo quatro, ¢ apresentado o perfil transcricional do mitogenoma de 7.
harzianum. Inicialmente, foi realizado o sequenciamento de pequenos RNAs, e a partir
dos resultados encontrados foi possivel identificar sequéncias de RNA proveniente das
duas fitas (senso e anti-senso). Em mamiferos, ja foi descrito que o mtDNA esta sujeito

a transcri¢do bidirecional, sendo capaz de gerar RNA dupla fita (d&sSRNA) (Dhir et al.
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2018). Para confirmar a geracao desse dsRNA, foi realizado o sequenciamento de RNA
total utilizando a metodologia de enriquecimento para sequéncias poliadeniladas e fita
especifica. Os resultados encontrados sugerem que o RNA gerado na transcri¢cdo ndo ¢
poliadenilado, sugerindo novamente a presenga de dsSRNA. A amplificacao fita especifica
do gene rns confirmou a presenca de dSRNA proveniente do mitogenoma, sabe-se que o
acimulo de dsRNA mitocondrial pode provocar alteragdes no funcionamento da
mitocondria. Em mamiferos, ja foi descrito a presenca do complexo de degradossomo
mitocondrial que possui a finalidade de cortar o dsSRNA em fragmentos menores. A
auséncia desse complexo resulta no acimulo de dsRNA no interior da matriz mitocondrial
com consequente evasdo para o citoplasma (Rongvaux et al. 2014; Dhir et al. 2018).

Neste ultimo capitulo, também foi realizada a identificagdo e caracterizagdo dos
principais genes envolvidos na via de RNA de interferéncia (RNA1) e o gene SUV3, tnico
gene do degradossomo mitocondrial identificado em 7. harzianum. Todos os genes foram
quantificados de acordo com a sua expressdo nas bibliotecas sequenciadas de
transcritoma. De forma geral, sugerimos que a via de RNAi e o gene SUV3 sejam
responsaveis pelo controle transcricional e de dsRNA nos mitogenomas. Todavia, ¢
necessario a realizacdo de experimentos de silenciamento ou nocaute para confirmagao
dessa hipotese.

Em conclusdo, esta tese contribui para o conhecimento da diversidade de
mitogenomas fungicos e o seu controle regulatério nas células. Mitogenomas sao
essenciais para a maioria das espécies de fungos na geragao de energia e, sem o controle
adequado, pode ocasionar a ndo sobrevivéncia das espécies no ambiente. Por essa razao,
¢ de extrema importancia os estudos de caracterizagdo, regulacao e funcionamento desses
genomas. A presente tese, portanto, forneceu novos conhecimentos além dos ja descritos

na literatura sobre esse tema.
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CONCLUSAO

O estudo de caracterizagdo e transcrigdo do genoma mitocondrial de fungos ainda ¢
escasso. Além disso, mitogenomas fingicos apresentam uma riqueza em relacdo ao
tamanho, composi¢do e elementos core. A partir dos resultados encontrados neste

trabalho, foi possivel alcancar as seguintes conclusoes:

e A mitogenomica comparativa de fungos da ordem Hypocreales mostrou uma
grande variedade de tamanho e composic¢ao, principalmente de elementos nao-
codificantes. Muitos desses elementos, sdo compartilhados entre as espécies e
podem apresentar a mesma localizacdo de inser¢do. Apesar da variagdo do
contetido, o ordenamento dos genes core € conservado entre as espécies;

e A anilise filogenética baseada no tempo de divergéncia revelou que a ordem
evoluiu hd aproximadamente 137.39 Mya. Além disso, a correlagdo positiva entre
o tamanho total de elementos nao codificantes (introns, HEGs ¢ uORFs) com a
taxa de mutagdes sindnimas indicaram que os mitogenomas que evoluem mais
rapido tendem a acumular modificagdes na regido ndo codificante. Em contra-
partida, ndo ha correlagdo entre a taxa de mutagdes sindnimas e o tamanho total
de genes codificadores de proteinas, indicando que esses genes estdo sobre
influéncia de selegdo negativa;

e O gene da subunidade menor ribossomal rns pode ser utilizado como um
biomarcador associado ao gene da calmodulina e o da regido ITS para a
identificacdo a nivel de espécies do género Trichoderma;

e Cinco grupos de genes codificadores de proteinas mitocondriais identificados
através da montagem e anota¢do do genoma nuclear de Trichoderma harzianum
HB324 foram encontrados e descritos neste trabalho. A identificacdo desses genes
auxiliou na compreensao do controle da replicagdo e transcri¢cao de mitogenomas.
Além disso, 39 genes sem similaridade foram identificados, sugerindo que muitos
genes ainda ndo tiveram a sua funcao descrita;

e A andlise de pequenos RNAs indicou que a via de RNA de interferéncia tenha
papel fundamental no controle transcricional dos mitogenomas e detectou-se a
presenga de geracdo de RNA dupla fita (dsRNA) proveniente de genes
mitocondriais. A comprovacdo da geracdo de dsRNA foi feita através de

amplificacdo fita-especifica no gene rns.
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Transcritos provenientes da mitocondria ndo sdo poliadenilados, sugerindo que
devem sofrer um processamento durante a tradugao;

Os dados obtidos neste trabalho sdo promissores na compreensdao do
funcionamento de mitogenomas e pode auxiliar no desenvolvimento de pesquisas

futuras na area de biotecnologia e investigacdo de novas drogas antifingicas.
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PERSPECTIVAS

Diante dos resultados descritos neste trabalho, iremos expandir a andlise de
caracterizacdo de mitogenomas de fungos. Esta etapa ja estd em andamento e os
resultados dessa comparagdo serdo publicados no jornal Frontiers in
Microbiology;

Para melhor entender e descrever os genes envolvidos no controle do genoma e
da morfologia da mitocondria, iremos realizar um estudo de proteoma para a
identificacdo de proteinas e sua localizacdo na organela;

A partir dos resultados obtidos pela anélise das bibliotecas de pequenos e longos
RNAs, iremos realizar o estudo da funcdo da proteina SUV3 para verificar a
relacdo da proteina com a degradacdo de RNA dupla fita. Além disso, iremos
certificar se a via de RNA de interferéncia esta atuando no controle do genoma
mitocondrial de fungos e avaliar a geracdo de dsRNA mitocondrial durante o

crescimento do fungo.
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